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Introduction 
Chapter 1 
1.1 Liquid Crystals 
1.1.1 Discovery 
 The first observations of liquid crystalline behavior, although not recognized as such 
at the time, were reported as far back as the 1850’s. Around that time, biologists Virchow, 
Mettenheimer and Valentin were studying nerve fibers. They found that a fluid substance 
from the nerve core, when left in water, exhibited strange behavior if viewed with polarized 
light. Not recognizing the discovery of a new phase of matter, the substance was labeled a 
“living crystal”.  
 Years later, the official discovery of liquid crystals was credited to Otto Lehmann and 
Friedrich Reinitzer (Figure 1). In 1888, the Austrian chemist Reinitzer investigated the phase 
transitions of various compounds using a polarizing microscope fitted with a heating stage. In 
the course of his study, Reinitzer discovered that cholesteryl benzoate changed from a clear to 
a cloudy liquid before crystallizing. Unfortunately, he attributed the apparent occurrence of 
two melting points to an imperfect phase transition. Still puzzled, a year later Reinitzer wrote 
a letter with his findings to the German physicist Otto Lehmann, who was an expert in crystal 
optics. After conducting similar experiments, Lehmann suggested that the cloudy fluid was a 
new phase of matter. Subsequently in a landmark paper entitled “Über fliessende Krystalle”, 
he described the discovery of a class of crystals which were so soft that one could call them 
liquid, coining the term “liquid crystal”.1  
 
 
Figure 1: Reinitzer (left) and Lehmann. 
 
Up until 1890, all known liquid crystal substances had been natural compounds. In 
that year, however, German chemists Friedrich Gatterman and A. Ritschke published a paper 
entitled “Über Azoxyphenoläther” in which they described the synthesis of p-azoxyanisole, 
the first synthetic liquid crystal.2 The idea of a fourth state of matter was fiercely disputed by 
the scientific community. Only between 1910-1920 did it gradually accept the concept of 
liquid crystals, when the reports of liquid crystalline states and molecules forming liquid 
crystalline phases became too numerous to ignore. 
 
1.1.2 Structure & phases 
1.1.2.1 Mesogenic molecules 
 Liquid crystal phases almost without exception appear in a class of molecules called 
mesogens, which comes from the Greek “species in between”. These molecules possess an 
anisotropic shape, i.e. either their molecular axes have differing lengths, or the properties of 
the constituent parts of the molecules vary (e.g. hydrophobic-hydrophilic or rigid-flexible 
parts). In addition, in order to display mesogenic properties, the molecules have to be capable 
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of interacting with each other, e.g. through Van der Waals interactions, π-π-interactions, 
dipole interactions, ionic interactions or hydrogen bonding. These intermolecular interactions 
are mainly responsible for the liquid crystalline properties exhibited by mesogenic materials. 
Mesogenic molecules capable of forming a liquid crystalline phase are subdivided into 
four categories:3 thermotropes, lyotropes, liquid crystalline polymers and polymer solutions. 
Thermotropic liquid crystals possess a temperature interval in which the compound is in a 
liquid crystalline state, which can consist of several different liquid crystal phases. Above or 
below this interval, the compound is in an isotropic or solid phase, respectively (Figure 2). 
 
 
Figure 2: Phase transitions of a thermotropic calamitic liquid crystal. 
 
 Thermotropes can be subdivided into two general classes of molecules, calamitic and 
discotic. The first category comprises all rod-like molecules (Figure 2). As these molecules 
have to be able to maintain an elongated shape, they usually consist of a rigid part containing 
two or more rings, which are substituted with more flexible moieties. As flexible parts, 
usually hydrocarbon chains are used. Not uncommonly, these bear chiral parts or halogen 
substituents. Also common is the substitution of one of the chains by a polar group. For the 
rigid core, usually phenyl or cyclohexyl rings are used which are either linker together 
directly or via a spacer. Although general effects of substituents on the phase behavior can be 
predicted with some certainty, small changes in substituents can sometimes have a drastic 
effect on the ability of the compound to form liquid crystalline phases, which makes custom 
synthesis or prediction of properties difficult.3 One of the classes of calamitic liquid crystals 
which is widely employed involves substituted cyanobiphenyl compounds (Chart 1). These 
simple molecules have a fairly predictable phase behavior, are easy to synthesize and are 
relatively cheap. As such, the compound 4-n-pentyl-4’-cyanobiphenyl, or 5CB, was used in 
most of the experiments described in this thesis. A special class of calamitic liquid crystalline 
compounds comprises metal-containing molecules, dubbed “metallo-mesogens”. In most 
cases the coordination of moieties, which contain a semi-mesogenic ligand, to a metal, 
induces a liquid crystalline phase. Although these systems have been known since the 
beginning of the last century, they only spurred serious interest about a decade ago, showing 
promise as advanced functional materials.4  
 3
Chapter 1 
N
R
n-OCB: R = OCnH2n+1
n-CB: R = CnH2n+1
OR'R'O
OR'
OR'R'O
R'O
O
CnH2n+1R' =
 
Chart 1 
 
The second class of thermotropes, discotics, consists of disc-shaped molecules. This 
class was discovered by Chandrasekhar, who reported on it in 1977.5 In this type of molecule, 
the contrast between the rigidity of the central core and the flexible substituents on its 
periphery is responsible for the liquid crystalline properties. The core is usually based on 
aromatic moieties, e.g. triphenylene or phthalocyanine, with calamitic chains (Chart 1), 
although a myriad of motifs has been reported.3,6 The rigidity of the core enables the stacking 
of the mesogens into columns, in which the peripheral substituents provide enough disorder 
and freedom of movement to prevent crystallization. This leads to the formation of a liquid 
crystalline phase with a columnar structure (Figure 3).  
 
 
Figure 3: Columnar structure from the assembly of discotic mesogens. 
 
 Lyotropic compounds form a liquid crystalline phase when dissolved in the proper 
solvent and only in a narrow concentration range, which is also dependent on the 
temperature.7 A generic structure for lyotropic compounds is an amphiphilic one, which 
combines a polar headgroup with an apolar tail, e.g. as found in soap molecules. When 
dissolved in water, the hydrophobic effect (an effect in which water molecules in or around 
hydrophobic moieties of dissolved molecules, are released to the bulk solvent due to the 
aggregation of these moieties, resulting in an enormous entropy gain) results in the 
aggregation of the apolar tails, which underpins the formation of structures such as vesicles, 
micelles and lamellar phases. In these phases, only the polar headgroups are exposed to the 
water, shielding the apolar tails. One special class of lyotropes are the phospholipids, which 
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form cellular membranes by assembling into a bilayer structure (Figure 4). In an apolar 
solvent, the phases are reversed, with the apolar tails interacting with the solvent and the polar 
groups aggregated. 
 
O
O
O
O
O
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O
N
 
Figure 4: Schematic representation of a lyotropic, bilayer assembly of phospholipid molecules. 
  
The final type of molecule that forms liquid crystalline phases is derived from 
polymers. There are two types of liquid crystalline polymers: main chain and side chain 
polymers.3,8 In the former class, the mesogenic unit is incorporated directly into the main 
chain of the polymer. In most cases, the monomer unit is comprised of a rigid aromatic part, 
capped by flexible chains. In a polymer, this configuration allows the rigid parts to form a 
semi-crystalline lattice, whilst the aliphatic connector parts provide sufficient freedom of 
movement to induce a liquid crystalline phase (Figure 5a). The latter class of liquid crystalline 
polymer has the mesogenic units attached as side chains to the polymer backbone via flexible 
spacers. This allows the formation of a layered, rigid lattice, in which the polymer backbone 
now provides the disorder (Figure 5b). In contrast to main chain liquid crystalline polymers, 
this class shows liquid crystalline properties over wide temperature ranges. This is often 
attributed to the independent movement of the mesogenic units with respect to the (often 
entangled) polymer backbone, allowed by the spacer. Therefore, the choice of spacer and 
mesogenic unit is crucial to the liquid crystalline properties of this class. 
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Figure 5: Schematic representations of: a) main chain liquid crystalline polymer; b) side chain liquid crystalline 
polymer. 
 
 A special class of polymer liquid crystals are the polymer liquids, which consists of 
large, mostly biological molecules. These biomolecules only form liquid crystalline phases 
when they are dissolved in high concentration, an example of this being the tobacco mosaic 
virus.9 This virus is a helical rod-like biopolymer comprised of an RNA chain surrounded by 
49 protein subunits for every 3 turns of the RNA helix (Figure 6a). The assembly displays a 
repeat length of 69 Å. Complete viruses are rod-shaped (Figure 6b), which gives the virus its 
mesogenic properties. Colloidal suspensions of the virus exhibit several liquid crystalline 
phases, such as nematic (Figure 6c) and smectic phases. 
 
 
Figure 6: a) Schematic representation of the tobacco mosaic virus; b) Transmission electron micrograph of a 
single virus, image is 600 x 300 nm; c) Polarization micrograph of a liquid crystalline assembly of virus 
particles, image is 7.5 x 5 µm. 
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1.1.2.2 Liquid crystal phases 
 The system used to classify liquid crystalline compounds was developed by the French 
scientist Georges Freidel. It is based on the different molecular orientations of the liquid 
crystal molecules in different phases, and was published in 1922. In this system, the simplest 
liquid crystal phase is the nematic phase of calamitic molecules. When viewed with a 
polarizing microscope, this phase exhibits long threads (Figure 7a), hence the name, after the 
Greek word for thread. The molecules in this phase tend to orient themselves parallel to a 
common director and remain in this conformation whilst diffusing throughout the phase 
(Figure 7b). Their lack of positional order, however, gives rise to the occurrence of 
disclination lines, which are defects in the order and are responsible for the threads seen with 
the polarizing microscope. Discotic liquid crystals also form nematic phases, in which the 
short axis of the molecule aligns along a single direction, which is dubbed the director. If the 
discotic mesogens exhibit a tendency to stack, liquid crystal phases consisting of columns can 
be formed, which have rectangular or hexagonal patterns (Figure 3). In this thesis, the 
calamitic nematic phase is mostly observed. 
 
 
Figure 7: a) Polarizing micrograph of a nematic texture; b) Schematic representation of a calamitic nematic 
phase. 
 
 Another common calamitic liquid crystal phase is the smectic phase, in which the 
center of mass of the constituent molecules is arranged in layered structures (Figure 8). The 
smectic phase is subdivided into two major classes. If the director of the liquid crystal 
molecule is at an angle of 90º with the layers, the phase is called smectic A (Figure 8a). If this 
angle has any other value than 90º, the corresponding phase is called smectic C (Figure 8b). 
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Figure 8: Schematic representations of: a) smectic A, b) smectic C phases. 
 
 If the molecules of the liquid crystalline phase are chiral, or doped with a chiral 
molecule, the entire phase becomes chiral. In this phase, which is called the cholesteric phase, 
the directors of the liquid crystal molecules describe a helical path as they traverse a liquid 
crystal domain (Figure 9). The occurrence of a cholesteric phase is indicated by adding an 
asterisk to the phase, e.g. smectic C*. 
 
 
Figure 9: Schematic representation of the cholesteric nematic phase. 
 
1.2 Applications: Liquid Crystal Displays 
1.2.1 History 
 For several decades, liquid crystals were considered to be worthy of only scientific 
study, as they seemed to have little merit with respect to industrial applicability. In fact, 
already before World War II, most scientists thought that the field of liquid crystals had 
matured and even been completed when a mathematical basis for the study of liquid crystals 
was provided by Oseen and Zöcher.10 This all changed, however, in the late sixties, when the 
liquid crystal display was invented. 
 The first (crude) liquid crystal display was invented by Richard Williams of RCA labs 
(Radio Company of America) in 1962.11 Unfortunately, his device required operating 
temperatures well above 100ºC. Because of this, its power consumption was too high and its 
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display quality too low, which caused RCA to proclaim that these devices were not 
industrially viable. A much improved version of the liquid crystal display was developed by 
James Fergason of Kent State University, Ohio, and patented in 1969 by his company 
ILIXCO.12 Dubbed the twisted-nematic liquid crystal display, its principle was described by 
Schadt and Helfrich a year later.13  
 
1.2.2 Twisted-nematic liquid crystal displays 
 The twisted-nematic liquid crystal display is still the most abundantly proliferated 
form of liquid crystal-based device. Vital to its operating principle were two independent 
observations on liquid crystalline behavior. When combined, these two curiosities, as they 
were deemed at the time, formed the basis of liquid crystal display technology still employed 
today.  
One discovery which led to the invention of the liquid crystal display was made by 
Freedericksz in the thirties. In elegant experiments, he showed that the orientation of liquid 
crystal molecules could be influenced by the application of an electric field.14 If the field 
strength was higher than a certain threshold value, the liquid crystal molecules would orient 
themselves with their dipoles parallel to the field, abandoning their previous orientation 
(Figure 10b). In honor of its discoverer, such a transition is now called the Freedericksz 
transition.  
The second discovery was reported as far back as 1911, when Mauguin had made 
several observations that liquid crystal domains could be aligned by placing them in contact 
with a crystal surface.15 Most brilliant, however, was his observation that if a liquid 
crystalline compound was placed between two aligning surfaces of different orientations, the 
director of the liquid crystalline compound smoothly followed the transition, rotating from 
one surface to the other (Figure 10a).15,16 During World War II, Chatelain showed that liquid 
crystal compounds could be uniformly aligned by placing them between two glass plates and 
subsequently rubbing the plates along each other.17  
Engineers at that time, however, did not foresee any immediate applicability of these 
discoveries. This certainly changed when they were combined to construct the twisted-
nematic liquid crystal display.12,13 Its operating principle is as brilliant as simple (Figure 10). 
A liquid crystalline compound, usually a calamitic nematic liquid crystal, is sandwiched 
between two conductive surfaces − mostly indium-tin-oxide, ITO −  covered with an 
alignment layer, which induces uniform planar alignment of the liquid crystal. In stead of 
orienting the alignment directions of the two surfaces in a parallel fashion, they are rotated 
90º with respect to each other. This prompts the director of the liquid crystal between the 
aligning surfaces to also rotate 90º going from one surface to the other. If the distance 
between the two plates is much larger than the wavelength of light transmitted through the 
cell, any incident light will also have its polarization direction rotated by 90º while traversing 
the cell.18 By adding polarizers to the cell, parallel to the liquid crystal alignment direction on 
their respective surfaces, a twisted-nematic liquid crystal cell is made which is capable of 
allowing light to pass crossed polarizers (off-state, Figure 10a). This property can be switched 
by applying an electric field between the two conductive alignment layers. If the field strength 
exceeds the Freedericksz transition, the liquid crystal molecules will align parallel to the field 
direction (Figure 10b). As the director of the liquid crystal no longer smoothly changes 
between the two alignment surfaces, any incident light will not have its polarization direction 
altered. As such, it is no longer able to exit the cell through the second polarizer, which causes 
the cell to appear dark (on-state, Figure 10b). When the electric field is switched off, the 
liquid crystal reverts back to its original structure and the cell is once again capable of 
transmitting light. 
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Figure 10: Operating principle of the twisted-nematic LCD (see text). a) off-state; b) on-state. 
 
The almost simultaneous development of micro-electronics in the sixties and seventies 
provided for small switching elements, which could regulate the electric field strength in a 
single cell. When individual twisted-nematic cells, also called pixels, were connected in two-
dimensional arrays, images could be produced by their coordinated switching.19
1.3 Liquid Crystal Alignment 
1.3.1 Rubbing 
One crucial element of the twisted-nematic liquid crystal display is the alignment 
layer, which is used to induce uniform and planar alignment of the liquid crystal molecules 
near the surface. Until the invention of the twisted-nematic cell, not much research had been 
done on the subject. Needless to say, the industrial production of this type of display spurred 
research into alignment surfaces.19a,20  
Surprisingly, the process first applied to induce uniform alignment in the late sixties is 
very similar to the process used today. Simply called  “rubbing”, it had already been 
developed in the twenties.21 The method entails the unidirectional rubbing of a spin-coated 
polymer surface with a piece of cloth (Figure 11a). As polymers, usually polyimides are used 
(Figure 11b). Not only do they exhibit the thermal stability needed for application purposes, 
but they are also relatively cheap and easy to apply. In addition, their molecular structure 
offers several possibilities for interaction with the liquid crystal molecules. The contact 
between the cloth and polymer layer creates microscopic grooves on the surface of the 
polymer (Figure 11c). When a liquid crystalline compound is interacted with such a surface, 
the director of the molecule aligns parallel to the microgrooves (Figure 11d). 
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Figure 11: a) Simplified representation of rubbing; b) Polyimide Pyralin®-PI 2555; c) AFM image of a rubbed 
polyimide surface; c) Simplified representation of the alignment of liquid crystals on a rubbed surface. 
 
The alignment mechanism associated with rubbing has been debated for decades and 
can be roughly divided into two contributing components. The first component is a molecular 
model, which holds that the factors responsible for alignment are mainly based on molecular 
interactions. First suggested by Geary,22 this theory has recently won ground with other 
experimental confirmations.23 The theory hinges on the notion that individual polymer chains 
are aligned by the unidirectional rubbing of the sample. This results in an ordered surface 
which is capable of engaging in anisotropic molecular interactions with liquid crystal 
molecules in the vicinity (Figure 12a). This causes the unidirectional alignment of the first 
layers of liquid crystal molecules, after which the liquid crystal bulk follows epitaxially. 
The other component is a purely physical model, which holds that only the formation 
of microgrooves on the surface is responsible for liquid crystal alignment. The foundations of 
this theory were laid by Berreman, in his elastic continuum theory of 1972.24 In it, molecular 
interactions between the alignment layer and liquid crystal molecules are assumed not to play 
a role in the alignment mechanism. In stead, the liquid crystal molecules align parallel to the 
microgrooves, which are formed as a result of the rubbing. The driving force for this 
alignment is the minimization of the so-called elastic distortion energy. Simply put, this 
means that the alignment of liquid crystal molecules in and around the microgrooves, with 
their director parallel to the direction of the groove, results in the lowest surface energy and 
hence the most stable conformation (Figure 12b).  
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Figure 12: a) Molecular model of alignment; b) Berreman model of alignment. 
 
Using his theory, Berreman was able to predict several properties of rubbed alignment 
layers. One of these properties is the anchoring energy. The value of the anchoring energy is a 
measure for the strength of the interactions between the surface and the liquid crystal 
molecules. Hence, the higher the anchoring energy, the better the interactions. If only the 
minimization of the elastic distortion energy is taken into account, the anchoring energy is 
given by the Berreman value, WB, which can be calculated from:24,25 
 
3
232
λ
π aKWB =      (1) 
 
in which K is the mean value of the bend and splay elastic constants (Figure 13) of the liquid 
crystal compound used, and a and λ are the depth and width of the microgrooves, 
respectively. As the anchoring energy of an alignment surface can also be measured with 
other techniques (see Chapter 2), this provides an opportunity for testing this physical model. 
If the measured anchoring energy does not concur with the calculated one, it can be concluded 
that not only the physical effects from the Berreman theory are of importance in liquid crystal 
alignment, but also other effects.  
 
 
Figure 13: Schematic representation of the conformations underlying the elastic constants of liquid crystals. 
 
 12 
Introduction 
Another vital property of the alignment layer is the ability to induce a tilt in the liquid 
crystal molecules near the surface. Dubbed the pretilt angle, this quantity is responsible for 
the uniform texture of the liquid crystal display during operation.19b A detailed description, 
however, is beyond the scope of this introduction, as it is not measured or used in this thesis. 
 Research into the mechanism of liquid crystal alignment has intensified over the past 
decades. Although several papers state that either molecular interactions22,23 or the Berreman 
model26 are responsible, the overall consensus is that both components are likely to contribute 
to the effectiveness of a given surface to induce liquid crystal alignment.27
The rubbing technique has several important advantages. It is relatively 
straightforward, easy and cheap. In addition, the resulting alignment surfaces are very stable 
and the techniques are already widely applied in industry. There are, however, also some 
serious drawbacks associated with this technique, which are all the result of the direct contact 
between the alignment layer and the velvet cloth during manufacturing. For instance, the 
rubbing creates debris, which remains on the alignment layer and interferes with uniform 
liquid crystal alignment. In addition, as parts of the layer are rubbed off, the contrast ratio 
differs from site to site. Furthermore, the rubbing of the two materials creates electrostatic 
charges, which interfere with the switching of the display and destroy electronic circuits. All 
these drawbacks result in the creation of faulty pixels. In order to minimize the harmful 
effects of these drawbacks, the entire process is performed in a clean room, devoid of dust and 
charges, making this a very labor-intensive process. Also, as the need for larger displays is 
increasing, e.g. with the onset of large LCD-TV, the process requires ever more scaling up. 
Although factories are currently capable of processing plates of about 1 m2, building a 
rubbing machine for even larger substrates, as demanded by market pressure, would be “a 
nightmare for engineers to build and operate”.28 As such, research into novel ways of aligning 
liquid crystals has become increasingly important over the past decades. 
 
1.3.2 Photoalignment 
 One of the most studied alternatives for rubbing is the photoalignment technique, 
which provides directional control over mesogens using polarized light.29 As such, this is a 
completely non-contact technique, eliminating most of the problems associated with rubbing 
(vide supra). The molecules which are employed in this technique invariably contain double 
bonds, e.g. azobenzenes (Chart 2), which can be isomerized with light. 
 
N
NR
R
R = (O)CnH2n+1  
Chart 2 
 Early work on photoalignment conducted in the seventies mainly focused on the 
disruption of an already present mesophase when the chromophore dissolved in it in small 
quantities underwent a shape change going from the trans to the cis conformation during 
irradiation.30 In effect, the photoisomerization caused a phase transition of the liquid crystal 
medium in the LCD, which enabled the switching between two states with different 
mesogenic orientations, resembling the operating principle of twisted-nematic displays 
(Figure 14). Upon irradiation with the proper wavelength(s) of polarized light, azobenzenes 
dissolved in a liquid crystal medium undergo a trans-cis isomerization, followed by fast 
thermal relaxation, until the dipole of the double bond is perpendicular to the polarization 
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direction of the incident light, which occurs after about 10 minutes. This results in a 
cooperative, uniform alignment of both the chromophores and mesogens. At higher 
irradiation times, another process becomes dominant: optical pumping. As irradiation is 
sustained, the concentration of the less-stable cis-form will increase with time. The shape 
change upon going from trans to cis is rather drastic, with the latter possessing a small cavity 
(Figure 14). In addition, the cis-form has more affinity for the surface of the cell than the 
trans-form. The combination of these two effects causes the alignment of the mesogens in the 
direction parallel to the cell walls. In 1991, Gibbons used this principle to construct the first 
photoaligned LCD with a rewritable surface ordering.31 
 
 
Figure 14: Operating principle of the first photoaligned displays. 
  
Another type of photoaligned display based on azobenzenes was developed by 
Ichimura in 1988.29a,32 In stead of using the photochromic molecule as a dopant, it was 
chemo- or physisorbed to the surface of the display. The switching of these tethered 
azobenzenes by polarized light also induced a change in the ordering of the mesogens, going 
from homeotropic to planar alignment (out-of-plane reorientation, see Figure 15). Because of 
their ability to switch the orientation of mesogens, these surfaces were named “command 
surfaces”. Dependent on the type of azobenzene used, the switching time and interaction 
between surface and mesogen could be controlled.33  
 14 
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Figure 15: Command surface effect, switching liquid crystal molecules from homeotropic to planar alignment. 
 
 Azobenzene tethered command surfaces are capable of two types of photo-
reorientation of mesogenic molecules. Besides the out-of-plane reorientation shown in Figure 
15, the surfaces are also capable of inducing in-plane reorientations of mesogens (Figure 16). 
The probability of a double bond absorbing a photon is partly determined by the angle 
between the dipole moment of the bond and the polarization direction of the incident light. If 
this angle is 90º, the photons are not absorbed and hence photo-induced isomerization is 
minimal. As such, the double bond of an azobenzene only stops isomerizing when its dipole 
moment is perpendicular to the polarization of the incident light. This implies that a rotation 
of the polarization direction of the incident light will entail the reorientation of the 
azobenzenes on the surface. In turn, the mesogenic molecules will follow the newly written 
order, which causes controllable in-plane movements of the mesogens (Figure 16).29  
 
 
Figure 16: In-plane photo-reorientation by changing the polarization direction of incident light. 
 
 Unfortunately, all the systems based on azobenzenes showed one major drawback: 
they were not stable. Due to random cis-trans relaxations and in-plane thermal motions, the 
written surface ordering was lost over a period of time. Several methods were devised to 
stabilize the ordering. For instance, the use of a smectic liquid crystal in stead of a nematic 
one allowed imprinting of the surface ordering of the azobenzenes into the smectic phase, 
after which cooling the phase to below the Tg (the temperature below which the system is 
thermally stable) would preserve the image.29a,34 The technique, however, was deemed too 
laborious and prone to errors. This left most azobenzene-based systems ill-suited for practical 
applications, which spurred research into other types of photoalignment (vide infra). Recently 
though, several azobenzene-based systems have been reported which can be switched 
between two stable photo-induced states, which might be used in future devices.35  
 One of the first alternatives to azobenzenes were molecules based on cinnamic acid.a 
In contrast to azobenzenes. these molecules exhibit two distinct photo-induced processes 
                                                 
a A more elaborate introduction on photoalignment using cinnamoyl derivatives is given in Chapter 2. 
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(Scheme 1). Besides the photo-induced trans-cis and cis-trans isomerizations and thermal 
relaxations, these molecules are capable of undergoing [2+2] photocycloaddition upon 
irradiation with UV light. 
 
O
O
OR O
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λ1
λ2, ∆
λ3
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O
 
Scheme 1 
 
 By irradiating a spin-coated layer of poly(vinyl-p-methoxycinnamate) with polarized 
(UV)-light, Schadt was able to create an alignment layer for LCD purposes.36 This landmark 
paper led to a boom in photoalignment research, which resulted in numerous papers and 
patents on the subject.37 Although the actual mechanism behind the alignment of liquid 
crystals in photo-aligned systems is still under some debate, increasingly more insight has 
been attained into the two photochemical processes occurring during photo-induced ordering 
and their influence on mesogenic ordering. Drevenšek Olenik et al. showed that the anchoring 
of liquid crystal molecules on photo-aligned cinnamoyl-containing systems is mainly 
governed by the interaction between the mesogens and the trans-cinnamoyl groups.37e In 
addition, photocycloaddition occurs preferentially between cis-cinnamoyl groups, resulting in 
the β-truxilate structure depicted in Scheme 1.37e,g These results imply a decrease of the 
anchoring strength between the liquid crystal molecules and the surface, as the photo-
processes entail a depletion of the trans-species. As such, the final surface ordering and its 
stability are provided by two separate effects. First, the photocycloaddition provides a rigid 
framework to stabilize the ordering induced by mainly the trans-conformation of the 
cinnamoyl derivative. Second, the photocycloadduct itself is a source of surface ordering, as 
one isomer is preferentially formed. 
 Besides derivatives of cinnamic acid, various other molecules containing a double 
bond have been used in the construction of photoaligned LCDs, e.g. α-hydrazono-β-
ketoesters38 (Scheme 2a) which are thermally stable at operating temperatures due to 
intramolecular hydrogen bonding, and spiropyran-merocyanine systems39 (Scheme 2b), which 
might be used in devices. 
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Scheme 2 
 One other breakthrough in photoalignment was reported in 1996 by Schadt, who used 
a spin-coated polymer containing a coumarin-type dye (Chart 3).40 The irradiation of these 
polymers under an angle with respect to the surface resulted in the formation of an alignment 
layer which, when used in an LCD, offered a much improved field of view, compared to 
cinnamates. 
 
O OR
OO
R = (CH2)n
n
 
Chart 3 
 
1.3.3 Other techniques 
 Although photoalignment remains the most well-studied alternative to rubbing, during 
the past decade, several other promising techniques have been developed. For instance, in 
1997, Abbott reported a method for controlling the alignment of liquid crystals by using gold-
sputtered plates covered with chemisorbed thiols (see Chapter 4).41
In 2001, a group led by Chaudhari of IBM showed that liquid crystal alignment could 
be achieved by the bombardment of a carbon surface with a low-energy ion beam at a 
glancing angle.42 By linearly moving the surface in front of an argon-sputtering gun, they 
were able to create an alignment layer without the use of a polymer. In pilot-line 
manufacturing, this method has already yielded 15- and 22-inch displays for laptop and 
desktop computers (Figure 17). 
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Figure 17: Digital image of a laptop display produced with the ion beam alignment technique. Reproduced from 
reference 41. 
 
 The same year, Stöhr et al. were able to explain the results obtained by Chaudhari. 
They showed that the directional sputtering of argon ions caused the scission of only certain 
surface bonds, leaving a surface with a directional molecular bond order.43 In fact, they 
showed that any orientational bond order on a surface is capable of inducing liquid crystal 
alignment, which had been suggested before by Lee44. 
 One other interesting technique is the modification of substrates with an AFM tip, so-
called “nanorubbing”. Already in 1992, Majumdar et al. reproduced the surface 
characteristics generated by conventional rubbing, by scanning a gold-coated AFM-tip across 
a polymer layer.45 By applying a bias voltage between the surface and tip, the polymer could 
be burned away along the path of the tip. Several years later, Ruetschi et al. and Pidduck et al. 
showed that similar results could be obtained by mechanical scratching of the polymer layer 
with an AFM tip.46 Although it is unlikely that the process could be scaled-up to magnitudes 
which are of interest to industry, this method offers more control over the formation of 
microgrooves, facilitating research into the exact nature of alignment mechanisms.27b Spin-
coated polymers that had been scratched with an AFM tip were shown to be able of aligning 
liquid crystals,46,47 as the treatment results in surface features which closely resemble those of 
conventionally rubbed substrates (Figure 18). In addition, it was shown that scratches made 
on a bare ITO surface were also capable of inducing liquid crystal alignment, eliminating the 
use of a polymer alignment layer.26a
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Figure 18: SEM micrograph of a spin-coated poly(methylmethacrylate) scratched with an AFM tip. Bar = 1 µm. 
 
One other recent breakthrough worth mentioning, was reported by Broer of Philips in 
2002. In a process called “photo-enforced stratification”, a complete matrix of liquid crystal 
displays was created by using consecutive in situ irradiation procedures to construct a 
polymer box around a liquid crystal medium (vide infra).48 Although the method used to align 
liquid crystals is still the conventional rubbing method, the technique presented in this paper 
allows the facile and simultaneous creation of a large number of liquid crystal cells. The basic 
principle consists of the formation of two layers from a film, consisting of a blend of 
isonorbornylmethacrylate, stilbene-methacrylate and liquid crystalline compound E7, by 
phase separation in the vertical direction, which is induced by photopolymerization of the 
blend (Figure 19a). In order to mechanically couple the polymer film on top to the bottom 
substrate, a second phase separation is established by a two-step UV-exposure. During the 
first exposure, a mask is used, which creates the side walls of the individual liquid crystal 
boxes (Figure 19b). In the second exposure, the cover sealing the boxes is polymerized 
(Figure 19c). This results in the formation of micrometer-sized containers filled with a 
switchable liquid crystal phase. By performing the manufacture on top of a conventionally 
rubbed polyimide surface, this technique offers an easy production of LCD screens. 
 
 
Figure 19: Schematic representation of the stratification process. a) photopolymerization-induced phase 
separation of a polymer blend; b) formation of the side-walls of the liquid crystal cells; c) formation of the cover 
sealing of the liquid crystal cells (see text). Reproduced from reference 46. 
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Hierarchical Alignment 
Chapter 2 
 
2.1 Introduction 
2.1.1 Alignment layer construction: advantages, disadvantages and solutions 
The construction of surfaces that can control the orientation of liquid crystals is a topic 
of key importance in liquid crystal display (LCD) technology. Currently, industrial 
manufacture of such surfaces involves the mechanical rubbing of polymers, which are spin-
coated onto an Indium-Tin-Oxide (ITO) surface, with a velvet cloth. This creates microscopic 
grooves on the surface, thus forming a so-called command layer, which causes the liquid 
crystals to align in the direction of rubbing (see Chapter 1).1 The invasive nature of this 
process makes the surface very prone to contamination, e.g. with debris rubbed off from the 
polymer layer, with dust particles, and by the generation of electrostatic charges. As these 
contaminations cause faulty pixels in the final product, their elimination is a prerequisite for 
the industrial production of large and cheap LCD screens.2 Consequently, in the past few 
decades, low-contact liquid crystal alignment techniques have been studied extensively, with 
most research focusing on liquid crystal alignment using (polarized) light.3 The pioneering 
work in the early 70’s of Sackmann4 on azobenzenes and Haas5 on stilbenes facilitated the 
construction of working LCDs by Gibbons6 and Schadt7 in the 90’s (see Chapter 1).  
More recently, attention has focused on the use of cinnamoyl derivatives as a 
command layer.8 As in the Haas procedure,5 the formation of a command layer is based on 
two different photo processes, occurring simultaneously. After spin-coating a cinnamoyl-
containing chromophoric compound onto an ITO surface, irradiation with linearly polarized 
light causes trans-cis isomerization of the double bonds (Scheme 1a). This isomerization stops 
when the dipoles of the chromophores are perpendicular to the polarization direction of the 
incident light, which leaves a highly ordered surface after illumination.9 To prevent random 
thermal fluctuations from destroying this ordered surface, it is stabilized by [2+2] 
cycloaddition of the double bonds using UV light (Scheme 1b). In addition to its stabilizing 
effect, the anisotropic shape of the dimerized product contributes to the formation of an 
ordered surface (Chapter 1). By using a light source capable of emitting radiation which 
contains both the isomerization and cross-linking wavelengths, both processes occur 
concurrently or can be executed successively by using a UV filter (see also Chapter 1).8,9b
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Scheme 1: Schematic representation of the light-induced reactions occurring during photoalignment. a) trans-cis 
isomerization, b) one of the possible isomers formed by [2+2] photocycloaddition. 
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2.1.2 Photoalignment of cinnamic acid systems 
Most research so far has concentrated on the photoalignment of spin-coated 
polyvinylcinnamates to induce liquid crystal ordering.8 Unfortunately, these systems suffer 
from the same major drawback encountered for azobenzene or stilbene systems, namely the 
formation of an ill-defined command layer due to the deposition process (Scheme 2). In 
addition to reducing the alignment quality of the layer, this low surface order leads to a low 
cross-linking efficiency of the double bonds and hence to a low stability of the alignment 
layer.  
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Scheme 2: Synthesis of poly(vinylcinnamates) by radical polymerization and schematic representation of a spin-
coated layer thereof.  
 
In azobenzene chemistry, another alignment process had been developed by the group 
of Ichimura.10 In stead of spin-coating polymers, azobenzene derivatives functionalized with 
trialkoxysilane groups were covalently attached to the OH groups of the ITO surface, 
resulting in a photo responsive monolayer. Unfortunately, these systems displayed the same 
drawbacks as the other azobenzene-based command layers: loss of surface order due to 
random thermal cis-trans isomerization processes.10 Recently, the group of Shashidhar 
combined the best of both worlds by using a monolayer of siloxane-functionalized cinnamoyl 
derivative 1a (Scheme 3) to align liquid crystals, resulting in a stable photo-alignment layer.9  
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Scheme 3: Schematic representation of  the photochemistry of a surface-bound monolayer containing cinnamoyl 
derivatives. 
 
Because of the higher degree of molecular ordering in the monolayer, compared to 
spin-coated systems, a well-defined hydrogen-bonding network was formed in the alignment 
layer. In addition, the double bonds of the cinnamate derivatives were now perfectly oriented 
for dimerization. Indeed, AFM, second harmonic and ellipsometry studies confirmed the 
formation of a well-defined siloxane monolayer from solution after 60 minutes. This 
photoresponsive monolayer showed a higher level of ordering after irradiation with polarized 
(UV) light (Figure 1).9b
 
 
Figure 1: AFM micrographs of a monolayer of 1a on ITO: a) before; b) after irradiation with linearly polarized 
UV. Scale bars are 1 nm. Reproduced from reference 9b. 
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The interaction between the command layer and the liquid crystalline molecules in 
these systems, however, is mainly based on Van der Waals interactions between the alkyl tails 
of the cinnamoyl compound and the aliphatic chains of the liquid crystal. Because of this, the 
anchoring energy, which is a measure of the strength of the interaction between the alignment 
layer and the liquid crystal molecules above it, was a factor of 20 lower than the anchoring 
energy of conventionally rubbed polyimide surfaces. This can be ascribed to the fact that the 
latter possess additional possibilities for engaging in (supra)molecular interactions, e.g. easily 
accessible hydrogen bonding and π-π-interactions. 
 
2.1.3 Aim 
To resolve these problems with the anchoring energy, we decided to investigate the 
effect of substituents in the cinnamoyl group on the alignment quality after irradiation. In this 
respect, changing the nature of the alkyl tail on the para position of the cinnamoyl group, 
would most likely alter only the Van der Waals interactions between the alignment layer and 
the liquid crystal molecules. Instead, we decided to enlarge the π-area of the cinnamoyl group, 
going from a phenyl (1b, Scheme 3) to a naphthyl substituent (2, Chart 1). The larger 
aromatic surface was envisaged to increase not only the interaction with the biphenyl moiety 
of common liquid crystals used in displays, e.g. 4-n-pentyl-4’-cyanobiphenyl, 5CB (Chart 1), 
but also to increase the ordering in the alignment layer itself due to enhanced π-stacking 
compared to 1a/b, resulting in a surface which is better pre-organized for liquid crystal 
alignment. 
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Chart 1 
 
2.2 Synthesis 
 Siloxane functionalized cinnamoyl derivatives 1b and 2 could be easily synthesized 
from readily available commercial compounds. Compound 1b (Scheme 4) was synthesized in 
a one-pot procedure from commercially available cinnamic acid or its acid chloride and γ-
aminopropyltriethoxysilane (APTES) in 85% yield after purification. 
The synthesis of compound 2 entailed a three-step procedure (Scheme 4). Starting 
from 2-naphthaldehyde, a Knoevenagel condensation gave the corresponding vinylic acid in 
92% yield. After conversion of the acid into the acid chloride with thionyl chloride, coupling 
with APTES in the presence of triethylamine gave 2 in a 86% overall yield after purification.  
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Scheme 4 
 
 Remarkably, the coupling of 2-naphthylvinyl acid chloride with APTES displayed a 
high sensitivity to the amount of base added to the reaction mixture (Figure 2). A maximum 
yield before purification − determined with 1H-NMR − was obtained at 1.2 equivalents of 
added triethylamine, resulting in the formation of 93% of 2 as crude product. With more or 
less added equivalents of base, the conversion to 2 dropped off sharply. Similar results were 
obtained for 1b, which indicated that the amine was responsible for this behavior. As such, it 
is likely that the addition of less base results in the partial protonation of the amine group of 
APTES by the HCl liberated in the coupling reaction, hindering product formation. 
Conversely, the addition of too much base would result in a deprotonated amine, which can 
react inter- or intramolecularly with the siloxane group, making the amine unavailable for 
amide coupling and possibly initiating polymerization.11  
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Figure 2: Effects of the concentration of triethylamine on the yield of 2 before purification. 
 
 In addition, the isolated yields of 1b and 2 were severely influenced by the choice of 
purification method. When flash column chromatography was used for purification, the 
isolated yields decreased by more than 90% going from crude to isolated product. Analysis of 
the column material showed that much of the product had polymerized on the column, due to 
the acidic nature of the silica used. Impregnating the column with triethylamine or adding 
metallic silver to the eluent, to reduce its acidity, improved the isolated yields to 35%, but still 
most of the product remained on the column. Finally, by repeated recrystallizations from 
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anhydrous hexane, 1b and 2 were obtained pure in an isolated yield of 85 and 86%, 
respectively. 
2.3 Photo-Alignment 
2.3.1 LCDs from photoaligned layers of 1b 
In principle, the structural features of a monolayer of 1b should be similar to that 
reported for layers of 1a by Shashidhar.9 In order to obtain more information about the 
intermolecular interactions, occurring between molecules of 1b in an ordered system, crystals 
suited for X-Ray diffraction were obtained from a solution of the compound in hexane by 
slow evaporation of the solvent. A crystal structure obtained of 1b clearly shows a hydrogen 
bonding array, with the double bonds perfectly pre-organized for cross-linking (Figure 3). The 
structure has the remarkable symmetry of the P21/a space group with a sliding mirror plane. 
 
 
Figure 3: Representation of the unit cell of 1b, as determined by X-Ray diffraction. Hydrogen atoms, except 
amide protons, are omitted for clarity. Hydrogen bonds are indicated by a dotted line. 
 
ITO plates were covered with 1b by immersing the plate into a toluene solution 
containing this siloxane in different concentrations, ranging from 0.5 w% to 10 w%. After one 
hour, the plate was placed in dry acetonitrile and subsequently baked at 120ºC for 10 minutes 
to complete the covalent bonding of the siloxane to the surface, as well as to remove any 
residual solvent. Twisted-nematic LCDs were constructed by using a (photo-aligned) ITO 
plate covered with 1b (vide infra) and a conventionally rubbed polyimide counter plate 
(Figure 4); spacers with a thickness of 6 µm were used to separate the plates (not shown). The 
liquid crystalline compound, 5CB in its isotropic phase, was pulled into the cell by capillary 
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force, after which the cell was subjected three times to a nematic-isotropic phase transition in 
order to prevent memory or flow effects from affecting the surface-induced alignment.  
 
 
Figure 4: Schematic drawing of a twisted-nematic LCD used in the photo-alignment experiments. 
 
In order to prove that an ITO plate covered with 1b was capable of photo-alignment, it 
was first subjected to irradiation with UV and visible light polarized along the long axis of the 
ITO plate for 20 minutes, which should result in a uniform ordering over the entire plate. 
Second, the plate was covered with a mask, after which the polarization angle of the incident 
light was rotated by 45º and irradiation was continued for another 20 minutes, which should 
cause these doubly irradiated parts of the plate to align liquid crystal molecules at an angle of 
45º with respect to the rest of the plate (Figure 5a). Polarizing microscopy showed indeed that 
the parts which had been doubly exposed aligned liquid crystal molecules differently (Figure 
5b). This experiment also shows that the order imposed by the first exposure can be easily 
rewritten, although the image quality diminished. 
 
 
Figure 5: a) Schematic depiction of the surface alignment of liquid crystals on a doubly-exposed photo 
alignment layer of 1b and expected pattern formation; b) corresponding polarizing microscopic image, size is 6 x 
9 mm, angle between polarizers is 90º. 
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The concentration of 1b used during the layer formation was found not to influence 
the alignment quality. The deposition time, however, had a more drastic effect. Between 10 
and 60 minutes, the LCDs constructed from singly exposed photo-aligned plates showed 
uniform alignment. If the deposition time was less than 10 minutes, however, uniform 
alignment was limited to only a few patches on the LCD, with sizes up to several millimeters, 
indicating that the growth of the alignment layer had not been completed.  
 
2.3.2 Alignment quality of photoaligned plates: anchoring energy 
The alignment quality was also determined by measuring the anchoring energy, using 
the cell rotation method,8a,h,12,13 which relies on the determination of the twist angle. This 
angle is determined by measuring the transmittance of light through a twisted-nematic LCD 
viewed between two polarizers, defining 0º as the angle of minimum transmittance (usually 
when the polarizers are parallel). By increasing the angle between the polarizers, the 
transmittance increases to a maximum value, which occurs at the twist angle. Assuming 
infinite anchoring energy at the reference polyimide surface, the azimuthal anchoring energy 
Wφ of liquid crystal molecules on the probe surface is given by equation 1:8a,h,12,13 
 
ϕ
ϕκ
φ 2sin
2 22
d
W =       (1) 
 
in which κ22 is the twist elastic constant (6.6 x 10–12 J m–1 for 5CB − see Chapter 1, Figure 
13), d the cell thickness, and ϕ  the twist angle in radians. Using this method, the anchoring 
energy for both the singly and doubly irradiated alignment layer were determined to be 9.0 x 
10–6 J m–2. This indicates that the second exposure, although it results in poorer image quality, 
does not negatively influence the anchoring energy, indicating that the molecular interaction 
between liquid crystal and alignment layer is still the same. The anchoring energy is a factor 
of 2 lower than conventionally rubbed polyimide plates used in industry.13 Unfortunately, a 
good comparison between different photo-induced alignment layers from the literature and 
our system is difficult, because of the different liquid crystal systems used: a different 
molecular make-up of the liquid crystal invariably entails other molecular interactions 
between alignment layer and liquid crystal molecules, rendering interpretations of anchoring 
energies in different systems useless. Spin-coated photoaligned cinnamoyl systems reported 
in the literature which also use 5CB, however, report an anchoring energy of about an order of 
magnitude lower.14 
 
2.3.3 Stability of photoaligned plates 
The stability of the UV-exposed plates is defined here as the time required for the 
transmittance of a twisted-nematic LCD constructed from these plates to drop to 50% of its 
original value, viewed between crossed polarizers. This drop in transmittance is attributed to a 
diminished alignment capability of the plate, caused by a lower surface ordering. As a result, 
increasingly more ordering is being imposed by the rubbed polyimide counter plate, until the 
twisted-nematic conformation is lost, which results in a parallel LCD with a maximum 
transmittance when viewed between parallel polarizers. The stability of irradiated plates 
showed  a remarkable time dependence. Up to irradiation times of 15 minutes, the images 
were only stable for circa one day. Irradiating the sample with UV-Vis for longer than 15 
minutes yielded more stable images, varying from one week at 20 minutes of irradiation to 10 
days for 60 minutes of irradiation (Figure 6). These results suggest the existence of a 
minimum cross-linking density, below which the light-induced surface ordering is rapidly lost 
and above which the cycloaddition provides a rigid enough framework to support prolonged 
alignment stability. In all these cases, the final loss of stability is attributed to random thermal 
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motion in the alignment layer, as not all the double bonds are dimerized,8a,f thus indicating 
that the surface ordering arising from only the formation of the photocycloadducts is not 
enough to provide for prolonged stable alignment. 
0 20 40 60 80 100
0
2
4
6
8
10
S
ta
bi
lit
y 
/ d
ay
s
Irradiation time / min
 
Figure 6: Stability of the LCD images in photo-aligned LCDs as a function of the irradiation time (see text). The 
line is a guide to the eye. 
 
The stability arising from the [2+2] photocycloaddition was also quite strikingly 
shown by using a singly exposed photo-alignment layer in the construction of a twisted-
nematic LCD. As the UV radiation required for the photocycloaddition cannot pass through 
the ITO plate, a second exposure of the LCD to incident light under a 45º angle with respect 
to the first polarization can only induce ordering by isomerizing the double bonds (see 
Chapter 1 and Paragraph 2.1). Due to random thermal motion in the alignment layer, 
however, this order is lost after some time. Using a mask, the results depicted in Figure 5 
were reproduced. The image, however, was only stable for several seconds, depending on the 
exposure time, with a maximum occurring at 20 minutes or higher.  
2.4 Hierarchical Rubbing 
2.4.1 LCDs with a supramolecular alignment layer 
In the previous paragraph, the advantage of molecular control over the alignment layer 
(i.e. covalent coupling of a monolayer as opposed to spin-coating) was clearly shown. In 
order to test the hypothesis that enlarging the overall π-surface of the alignment layer would 
also increase the anchoring energy, the same experiments were performed on alignment layers 
from 2. Twisted-nematic LCDs again were constructed using one ITO plate covered with 2 by 
immersing it in a 2 w% solution in toluene for one hour, without any conventional treatment 
to form an alignment layer (i.e. no irradiation with (UV) light nor rubbing). Once again, a 
conventionally rubbed polyimide ITO plate was used as the counter plate. To our surprise, 
optical microscopy showed that circa 80% of the surface of this untreated cell was capable of 
liquid crystal alignment (Figure 7). 
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Figure 7: Polarizing microscopic images of a twisted-nematic LCD with an alignment layer of 2 between: a) 
crossed; b) parallel polarizers. Images are 3 x 2.2 mm. 
 
Scanning electron microscopy (SEM) and tapping-mode atomic force microscopy 
(TM-AFM) studies on the plates containing 2 revealed that the surface contained large 
domains of groove-like structures, resembling those present in conventionally rubbed polymer 
alignment layers.1b The grooves were 0.5−8.0 nm deep and hundreds of microns long (Figure 
8). 
 
 
Figure 8: a) TM-AFM image of an ITO plate covered with 2, inset: height profile along the white line (nm); b) 
SEM image of an ITO plate covered with: 2 from 2 w% solution at room temperature, bar = 10 µm. 
 
TM-AFM also showed that the width of the grooves was distributed around two sizes, 
the largest with a width of 150-200 nm, and the smallest with an average width of 50 nm, the 
latter being the most predominant one. The direction of the grooves could not be attributed to 
any dipping effect or flow effect: they were found to be independent even of intentionally 
induced flow or dipping. Furthermore, the grooves were not formed during the baking process 
(e.g. by film cracking), as on unbaked plates the same structures were also observed. 
 
2.4.2 Alignment quality: anchoring energy in relation to the Berreman theory 
The azimuthal anchoring energy Wφ of the plates containing 2 was measured to be 1.8 
x 10–5 J m–2 using the cell rotation method. 8a,h,12,13 This value is of the same order of 
magnitude as found for conventionally rubbed polymer alignment layers1b and about 20 times 
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higher than observed for cinnamic acid-based systems in the literature.8a-c,e,14 In addition, it is 
twice as high as the anchoring energy measured for alignment layers of 1b, which suggests 
that increasing the π-surface of the molecules in the alignment layer indeed improves the 
interaction with the liquid crystal molecules. Furthermore, attempts to change the alignment 
direction induced by the surface, by irradiating the photo-switchable molecules with polarized 
(UV) light, failed, indicating that the liquid crystal alignment capability of the surface is quite 
strong. This may be explained twofold: first, the photo-induced isomerization of the double 
bonds on the surface could be hindered or even prevented by the increased molecular rigidity 
on the surface, due to intra- and intermolecular interactions. Second, if photoisomerization of 
the naphthalene substituted molecules on the surface does still occur, this result suggests that 
local molecular interactions contribute only weakly to the overall alignment, implying that the 
alignment mechanism is more governed by the bulk interaction between the grooves on the 
surface and liquid crystal. 
The Berreman equation (see Chapter 1),1a,12b can be used to calculate the expected 
anchoring energy of a grooved surface, and includes a dependence on the liquid crystalline 
compound used, the groove width and the groove depth. It only takes into account the effect 
of microgrooves on the liquid crystal alignment, thereby minimizing the elastic distortion 
energy. Therefore, a large deviation from the value predicted by the Berreman equation would 
indicate that molecular interactions − opposed to the bulk interaction effects between the 
surface grooves and the liquid crystal molecules − are more relevant to the anchoring energy 
than assumed by the Berreman equation. Conversely, an anchoring energy in the range 
predicted by the equation, can indicate that minimizing the elastic distortion is the major 
contributing force to the liquid crystal alignment. The Berreman anchoring energy, WB, can be 
calculated from equation 2: 
 
3
232
λ
π aKWB =      (2) 
 
in which a is the groove depth, λ is the groove width and K is a constant determined by the 
elastic properties of the liquid crystal used. For 5CB, this value is 8.3 x 10−12 N. Using 
equation 2, an anchoring energy of 1.0 x 10−6 − 2.6 x 10−4 J m−2 was calculated for the smaller 
grooves on plates covered with 2, which possess a width around 50 nm and a depth of 0.5−8 
nm. For the larger grooves, with a width of 150−200 nm and similar depth, an anchoring 
energy of 1.8 x 10−6 − 1.6 x10−8 J m−2 was calculated. This suggests that the smaller grooves 
are responsible for the liquid crystal alignment in this system, if the Berreman equation 
applies in this system. And although the anchoring energy in the case of 2 is twice as large as 
that of 1b, the Berreman condition still holds, suggesting that the mechanism responsible for 
alignment is mainly driven by minimizing the elastic distortion energy by the system. The 
combined results suggest that the existence of grooves contributes more to the anchoring 
energy than the presence of (increased) molecular interactions. Although the possibility that 
enhanced molecular interactions are responsible for the doubling of the anchoring energy 
cannot be excluded, no definite conclusion can be drawn from this data. 
 
2.4.3 Characterization of the alignment layer: ellipsometry 
To investigate the origin of the formation of the alignment layer in more detail, a 
series of experiments was carried out. Ellipsometry measurements showed that the surface 
features were formed within 6 minutes after immersion of the plates into a solution of 2 
(Figure 9). From the ellipsometry data, a layer thickness of 8.0 ± 2 nm was calculated, which 
is in excellent agreement with the top-top-distance observer by TM-AFM. Since the length of 
a fully elongated molecule of 2 is only about 16 Å, and the triethoxysilane can potentially 
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generate a 3D-network upon surface grafting, it can be assumed that the surface is partly 
covered by multilayers of 2. 
 
 
Figure 9: Ellipsometry parameter ∆ as a function of time during layer formation of 2 (inset). The line is a guide 
to the eye. 
 
2.4.4 Solution chemistry of 2 and its effects on the alignment layer 
One possible explanation for the remarkable difference in surface structure of grafted 
layers of 1b and 2 could be the role played by π-π-interactions and hydrogen bonding during 
the formation of the alignment layer. Therefore, we studied these interactions in more detail 
for both molecules, in particular their self-association in solution and the formation of 
intermolecular hydrogen bonds both in solution and solid state. The self-association constant 
Kass, involving non-covalent dimerization, was determined with 1H-NMR to be lower than 5 
M−1 for both 1b and 2 (see Experimental). Whereas these molecular interactions were weak at 
the concentrations studied (0.2−20 w% in toluene), it was clear that compound 2 formed 
stronger intermolecular hydrogen bonds than 1b. For instance, in 2 w% solutions in toluene, 
the NH signals for 2 and 1b in 1H-NMR appeared at a chemical shift value of δ = 5.45 and 
4.91 ppm, respectively, indicating stronger hydrogen bonding in the former solution. This 
difference was retained in the solid state, as highlighted by the frequency shifts ∆ν~  in IR 
between the amide I and amide II stretch vibrations, which were 97 and 105 cm–1 for 2 and 
1b, respectively. Although we were not able to obtain crystals of 2, suitable for X-ray 
diffraction and comparison with 1b, the NMR and IR measurements suggest that hydrogen 
bonding between molecules of 2 occurs in a similar geometry as between the molecules of 1b. 
In toluene solutions of 2, covalently linked oligomers were observed to precipitate. Of 
these oligomers, only the dimer could be studied in solution: higher oligomers could not be 
redissolved. In the same concentration range as used for 2 (1−10 w% in toluene), no 
oligomerization was observed for 1b. The dimer of 2 appeared to have a very strong 
intramolecular hydrogen bond: NMR showed an amide signal in THF at a chemical shift 
value of δ = 7.02 ppm. In addition, 2D-Nuclear Overhauser Enhancement Spectroscopy (2D-
NOESY) indicated that the dimer has a very well-defined preferential geometry (Figure 10). 
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Although there is little difference between the chemical shifts of each monomer in the 
structure, protons E and E’ show NOE contacts with M/M’ and F, but not with G/G’ (the 
place of the expected cross-peak is indicated by X); F and F’ show NOE contacts with protons 
M/M’ and G/G’. This suggests that the distances between protons E/E’ and G/G’ are too large 
to produce NOE contacts, indicating that the whole structure is locked in a relatively rigid 
conformation in which the movement of the naphthalene rings is severely restricted. 
 
 
 
Figure 10: a) 2D-NOESY spectrum of the dimer of 2; b) one of the possible naphthalene orientations in a dimer 
of 2. 
 
IR in the solid state showed a very sharp NH stretch vibration at 3304 cm–1, which 
indicates that the direction of the intramolecular hydrogen bond in the dimer is very well-
defined. These results were also confirmed by molecular modeling: calculations at the PM3   
level (see Experimental) also suggested a face-stacked dimer with a strong intramolecular 
hydrogen bond as lowest energy structure (Figure 11). Unfortunately, the calculations were 
not refined enough to determine the lowest energy conformation of the naphthalene rings with 
enough certainty to support the NOE experiments. 
 
 
Figure 11: Lowest energy structure (PM3) of the dimer of 2. 
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With Matrix-Assisted-Laser-Desorption-Ionisation-Time-Of-Flight (MALDI-TOF) 
spectrometry, linear oligomers of 2 up to a heptamer and cyclic oligomers up to a decamer 
were observed. IR in the solid state showed two sharp NH stretch vibrations at 3421 and 3286 
cm–1 for the mixture of oligomers, which also indicates strong, well-defined directional 
hydrogen bonding. It is known that oligosiloxanes can adopt rigid, sometimes helical 
structures, due to orbital overlap between empty d-orbitals of the silicon and oxygen lone 
pairs, imposing an additional barrier on bond rotation.15 This feature may also partly explain 
the observed layer thickness of 8.0 ± 2 nm (vide supra). If the species grafting onto the ITO 
surface is an oligomer, in stead of a monomer, it is likely that not all ethoxy groups of the 
oligomer are substituted by surface OH-bonds, leaving parts of the oligomer free to curl and 
fold. Molecular modeling at the MM2 level (see Experimental) supported this notion: an 
oligomer with only the ethoxy groups of the first and last monomer available for surface 
grafting was calculated to have aggregated naphthalene moieties in the center of the molecule, 
increasing the height of the layer. This effect, shown for an octamer in Figure 12, in 
combination with the formation of a 3D-network may account for the measured layer 
thickness. 
 
 
Figure 12: One of the possible lowest energy structures (MM2) of an octamer of 2, with the end groups fixed for 
surface grafting. 
 
2.4.5 Influence of the surface on the formation of the alignment layer 
To investigate the role of the surface in the formation of the grooves, 2 was deposited 
onto isotropic quartz from 1−5 w% solutions in toluene. These surfaces contained no grooves 
and did not show liquid crystal alignment, indicating that the ITO surface fulfils a crucial role 
in the formation of the alignment layer. Furthermore, Scanning Tunneling Microscopy (STM) 
showed that the blank ITO surfaces used in these experiments intrinsically contain alignment 
seeds, so-called “nano-grooves”. These ordered regions have dimensions of approximately 
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100 x 100 nm, are all aligned parallel to each other (vide infra), and are surrounded by 
isotropic ITO (Figure 13).  
 
 
Figure 13: STM image of a blank ITO surface (250 x 250 nm). θS = 90º, Zrange = 10 nm, Vbias = –132 mV and 
Itunnel = 8 pA. 
 
It is known that the morphology of the blank ITO surface can be strongly dependent 
on the conditions used during the deposition of the ITO layer (e.g. pressure, temperature and 
ITO composition), and the occurrence of similar structures has been observed before.16 To 
determine whether the surface controls the groove direction, an ITO plate was cut in half and 
the pieces were positioned at 90º with respect to each other in a 2 w% solution of 2 in toluene. 
After the formation of the alignment layer, the direction of the grooves was found to be 
dependent on the initial orientation of the ITO plate in the solution, indicating that the 
underlying ITO dictates the overall direction (Figure 14). Apparently, the chemisorption of 2 
to the ITO plate causes its small surface ordering to be amplified more than a thousand-fold. 
 
 
Figure 14: Schematic representation of the rotation experiment (see text). SEM images are: a) 7 x 10 µm; b) 5 x 
3.5 µm. Arrows indicate the alignment direction of the majority of surface grooves. 
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2.4.6. Effect of reaction conditions on the alignment layer 
Under layer forming conditions, there are two (competing) processes: oligomerization 
in solution and surface grafting. Although the rate of the grafting reaction is not easily altered, 
the oligomerization kinetics can be influenced by changing the reaction conditions. When the 
concentration of 2 was lowered to 1 w% (Figure 15a) or increased to 4 w% (Figure 15b), 
which respectively slows down and increases the oligomerization rate, the surface contained 
no discernable features. An increase in temperature to 90ºC, which accelerates the 
oligomerization reaction, resulted in a surface with approximately 85% less grooves (Figure 
15c). Also the addition of 500 µl of water to the solution during layer grafting proved 
detrimental to the formation of grooves (Figure 15d), producing similar effects as seen by 
increasing the temperature. Initially, the water-induced effect was attributed to the disruption 
of hydrogen bonds between molecules of 2, thereby influencing the oligomerization kinetics. 
1H-NMR, however, showed that the position of the amide proton upon going from dry to 
water-saturated deuterated toluene did not shift at all, indicating that the hydrogen bonding 
interactions between molecules of 2 in solution were not influenced by the addition of water, 
negating this explanation. An alternative disruptive effect caused by the addition of water is 
its interaction with the ITO surface. It is known that molecules capable of hydrogen bonding 
to the surface-OH groups of the ITO can interfere with the build-up of a well-defined layer.9,17 
This could account for the lower number of grooves observed on the water treated surface. 
None of the samples mentioned above was capable of liquid crystal alignment. In the cases in 
which either the temperature was raised or a drop of water was added, this is probably due to 
the fact that the distance between the grooves is larger than the correlation length of the liquid 
crystal.18  
The combined experiments indicate that the balance between the rate of grafting and 
the formation of oligomers is a key factor in the formation of the grooves, which in turn is 
essential for successful liquid crystal alignment. 
 
 
Figure 15: SEM images of alignment layers formed from: a) 2 in 1w% at room temperature; b) 2 in 4 w% at 
room temperature; c) 2 in 2 w% at 90ºC; d) 2 in 2 w% in toluene with 500 µl of water. Bars are 1 µm. 
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2.4.7 Mechanistic considerations 
The combined experimental results suggest that the deposition of structurally well-
defined linear and cyclic oligomers of 2 can amplify the small groove-like surface features 
that are initially present on the ITO surface, resulting in the formation of long parallel 
grooves, which can be used to align liquid crystals for use in a liquid crystal display. 
Unfortunately, no definite conclusions can be drawn with respect to the mechanism of groove 
formation and the details of the deposition process of the oligomers and the influence of 
surface-oligomer interactions thereon. One tentative mechanism, which we named the 
“zipper-mechanism” (Figure 16), can explain the obtained results. When the oligomers drop 
out of solution onto the ITO plate, some of them may align themselves onto the nano-grooves 
of the ITO, in a similar way as liquid crystal molecules orient themselves to minimize the 
surface energy.19 As such, the first oligomers become oriented with their aspect ratio parallel 
to the direction of the nano-grooves. Controlled by the same mechanism, incoming oligomers 
from solution follow the tracks laid by the oligomers on the nano-groove, producing a zipper-
effect. This mechanism, however, would imply that the surface grafting first takes place in or 
near the nano-grooves, suggesting that the ITO in or near them shows a higher rate of 
covalently binding to siloxane groups than ITO elsewhere on the plate. Unfortunately, data on 
the differences in reactivity of the ITO in or near nanogrooves and bulk ITO are not available. 
Therefore, this hypothesis remains tentative. 
 
 
Figure 16: “Zipper mechanism”, explaining the formation of large grooved structures (see text). 
 
2.5 Concluding Remarks 
 Photo alignment experiments on 1b clearly showed that molecular control over the 
formation of the alignment layer has a positive effect on the interaction with the liquid crystal, 
as the anchoring energy was found to be an order of magnitude higher than the anchoring 
energy of spin-coated systems. In addition, the double irradiation experiments revealed that 
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the surface ordering can be rewritten with light. The stability of the command layer was 
shown to be the result of the [2+2] photocycloaddition of the double bonds, as irradiation 
without UV light only produced stable patterns for a few seconds. The stability was also 
found to be highly dependent on the irradiation time. The existence of a threshold, after which 
the stability increases dramatically, suggests that a minimum cross linking density is 
necessary to obtain a stable alignment layer. 
Alignment experiments on 2 unexpectedly yielded an easy and robust, non-contact 
procedure for constructing an alignment layer for liquid crystal alignment, which can be 
performed in non-clean room conditions. The procedure is based on a hierarchical process 
involving a combination of supramolecular interactions and surface grafting. The initial 
surface ordering of ITO plates used in the experiments is amplified over a thousand-fold, 
going from small 100 nm sized parallel domains already present on the underlying ITO 
surface, to spontaneously formed hundreds of microns long, aligned grooves, resembling 
those observed for conventionally rubbed polymer alignment layers. The system displays an 
anchoring energy which is 20 times higher than that measured for comparable systems in the 
literature, is twice as high as that measured for 1b, and is in the same order of magnitude as 
observed for conventionally rubbed polymer alignment layers. As the Berreman condition still 
holds for the grooves formed in this process, no definite conclusion can be drawn with respect 
to the influence of the π-surface on the anchoring energy and alignment efficiency. The larger 
aromatic surface does have a large influence on the chemical reactivity of the siloxane, 
favoring oligomerization due to stronger hydrogen bond formation. Further experiments 
clearly showed that any change in the ratio of grafting and oligomerization kinetics is 
detrimental to the formation of the grooves, indicating the necessity of the right type of 
oligomer at the right time during alignment layer formation.  
2.6 Experimental 
2.6.1 Synthesis & characterization 
2.6.1.1 General 
Unless stated otherwise, all reactions were carried out under Schlenk conditions in a nitrogen 
atmosphere. Toluene and THF were distilled from sodium/benzophenone prior to use. 
Pyridine was distilled from CaH2. Thionyl chloride and triethylamine were distilled under 
reduced pressure. 2-Naphthaldehyde was recrystallized from ethanol. All other chemicals 
were used without any further purification. Melting points were determined on a Jeneval 
polarization microscope THMS 600 hot stage and are uncorrected. Infrared spectra were 
recorded on a BioRad FTS-25 spectrometer with a resolution of 2 cm−1. 1H NMR and 
13C{1H} NMR spectra were recorded on Bruker WM-200, Bruker AM-300, Bruker AM-400, 
and Bruker AMX-500 instruments. Chemical shifts are reported in ppm downfield from 
internal (CH3)4Si (0.00 ppm) in the case of 1H NMR spectra. In the case of the 13C spectra, the 
solvent peak was used as a reference (CDCl3: 77.7 ppm; Toluene-d8: 20.4 (septet) ppm).  
Abbreviations used are: s = singlet, d = doublet, dd = doublet of doublets, m = multiplet, br = 
broad. EI mass spectra were recorded on a VG-7070E instrument. Elemental analyses were 
determined with a Carlo Erba Ea 1108 instrument. 
 
2.6.1.2 Syntheses 
N1-[3-(1,1,1-triethoxysilyl)propyl]-(E)-3-phenyl-2-propenamide (1b) 
To a solution of  1.00 g (6.7 mmol) of cinnamic acid in 40 ml of THF, 3 ml of thionyl 
chloride was added dropwise. After stirring for 4 hrs at room temperature, the solvent was 
evaporated under reduced pressure. The slightly yellow product was redissolved in 20 ml of 
THF, and added dropwise to a solution of 1.5 g (7.1 mmol) of 3-(1,1,1-triethoxysilyl)-1-
propanamine and 2 ml of triethylamine in 20 ml of THF at 0ºC. After stirring for 1h, the 
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precipitate was filtered off, and the solvent removed under reduced pressure. 
The crude product was recrystallized twice from hexane, yielding 1b as 
colorless needles (85%). 
NH
O
Si(OEt)3
1H-NMR (200 MHz, CDCl3, 20ºC, TMS, 2 w%): δ = 7.62 (d, J = 15.7 Hz, 
1H, Ph-CH), 7.50-7.46 (m, 2H, Ph-H), 7.39-7.32 (m, 3H, Ph-H), 6.43 (d, J = 
15.6 Hz, 1H, HC-CO),  6.29 (br, 1H, NH), 3.82 (q, J = 7.0 Hz, 6H, OCH2-
CH3), 3.40 (m, 2H, NH-CH2), 1.72 (m, 2H, CH2-CH2-CH2), 1.23 (t, J=7.0 
Hz, 9H, CH3), 0.69 (m, 2H, Si-CH2). 
1H-NMR (300 MHz, [D8]Toluene, 20ºC, TMS, 2 w%): δ = 4.91 (br, 1H, 
NH). 
13C{1H}-NMR (75 MHz, [D8]Toluene, 20ºC, TMS, 2 w%): δ = 165 (s, 1C, 
C=O), 140 (s, 1C, C=C-CO), 136 (s, 1C, ipso-C), 129.3 (s, 1C, Ph-C4), 128.9 
(s, 2C, Ph-C2,6), 122 (s, 1C, C=C-CO), 59 (s, 3C, OCH2), 42 (s, 1C, N
24 (s, 1C, CH
HCH2), 
2-CH2-CH2), 19 (s, 3C, CH3), 8 (s, 1C, Si-CH2). 
IR (KBr): ν~ = 3306 cm−1 (NH), 1655 cm−1 (Amide I), 1551 cm−1 (Amide II). 
EI-MS: m/z (%) 351 (9) [M+], 305 (45) [M+–OEt], 174 (42) [M+–(EtO)3SiCH2CH2], 163 (98) 
[Si(OEt)3+], 131 (100) [M+–(EtO)3Si(CH2)3NH], 103 (51) [M+–(EtO)3Si(CH2)3NHCO]. 
Elemental analysis: Calculated for C18H29NO4Si: C (61.50), H (8.32), N (3.98). Found: C 
(61.40), H (8.23), N (4.05). 
 
(E)-3-(2-Naphthyl)-2-propenoic acid 
A solution of 4.4 g  (28 mmol) of 2-naphthaldehyde and 6.0 g (58 mmol) of 
malonic acid in 12 ml of pyridine was heated to 100ºC for 1.5 hrs, after which 
the mixture was refluxed for 10 min. Removal of the solvent under reduced 
pressure yielded a yellow solid, which was recrystallized from ethanol, 
yielding the acid as white needles (92%). 
OH
O
1H-NMR (200 MHz, CDCl3, 20ºC, TMS): δ = 8.00-7.83 (m, 5H, CH and 
HC=CCOOH), 7.70 (dd, 3J = 8.7 Hz, 4J = 1.7 Hz, 1H, CH), 7.60-7.51 (m, 2H, 
CH), 6.58 (d, J = 16.0 Hz, 1H, HCCOOH). 
13C{1H}-NMR (50 MHz, [D6]DMSO, 20ºC, TMS): δ = 168 (1C, C=O), 144 
(1C, HC=CCOOH), 134, 133, and 132 (1C, CH), 130 (1C, C-ipso), 128.6 and 
128.5 (1C, CH), 127.7 and 127.3 (1C, C-ipso), 126.8 and 124 (1C, CH), 120 
(1C, CCOOH). 
Elemental analysis: Calculated for C12H10O2: C (78.77), H (5.08). Found: C (78.80), H (5.08). 
 
N1-[3-(1,1,1-triethoxysilyl)propyl]-(E)-3-(2-naphthyl)-2-propenamide (2) 
To a solution of  1.00 g (5.0 mmol) of 3-(2-naphthyl)-2-propenoic acid in 60 ml 
of THF, 4ml of thionyl chloride was added dropwise. After stirring for 4 hrs at 
room temperature, the solvent was evaporated under reduced pressure and the 
solid was washed with 2 ml of cold benzene. The slightly yellow product was 
redissolved in 20 ml of THF, and added dropwise to a solution of 1.12 g (5.1 
mmol) of 3-(1,1,1-triethoxysilyl)-1-propanamine and 2 ml of triethylamine in 
20 ml THF at 0ºC. After stirring for 1h, the precipitate was filtered off, and the 
solvent removed under reduced pressure. The crude product was recrystallized 
twice from hexane, yielding 2 as a white opaque solid (86%). NH
O
Si(OEt)3
1H-NMR (200 MHz, CDCl3, 20ºC, TMS, 2 w%): δ = 7.90-7.70 (m, 5H, CH and 
HC=CHCO), 7.61 (dd, 3J = 8.7 Hz, 4J = 2.0 Hz, 1H, CH), 7.47-7.42 (m, 2H, 
CH), 6.55 (d, J = 15.7 Hz, 1H, HC=CHCO), 6.42 (t, J = 5.6 Hz 1H, NH), 3.82 
(q, J = 7.0 Hz, 6H, OCH2), 3.41 (m, 2H, NHCH2), 1.73 (m, 2H, SiCH2CH2), 
1.22 (t, J = 7.0 Hz, 9H, CH3), 0.70 (m, 2H, SiCH2). 
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1H-NMR (400 MHz, [D8]Toluene, 20ºC, TMS, 2 weight %): δ = 7.95 (d, J = 15.7 Hz, 1H, 
HC=CHCO), 7.55-7.43 (m, 5H, CH), 7.21-7.19 (m, 2H, CH), 6.21 (d, J = 15.7 Hz, 1H, 
HC=CHCO), 5.45 (t, J = 5.4 Hz, 1H, NH), 3.79 (q, J = 7.0 Hz, 8H, OCH2), 3.39 (m, 2H, 
NHCH2), 1.75 (m, 2H, SiCH2CH2), 1.87 (t, J = 7.0 Hz, 9H, CH3), 0.88 (m, 2H, SiCH2). 
13C{1H}-NMR (50 MHz, CDCl3, 20ºC, TMS, 2 w%): δ = 167 (1C, C=O), 141 (1C, 
HC=CHCO), 134.4, 133.9 and 133.0 (1C, C-ipso), 129.9, 129.1, 129.0, 128.3, 127.4, 127.1 
and 124.1 (1C, CH), 122 (1C, CHCO), 59 (3C, OCH2), 43 (1C, NH-CH2), 24 (1C, Si-CH2-
CH2), 19 (3C, CH3), 8.4 (1C, 1J(Si,C)= 48.7 Hz, Si-CH2). 
mp (uncorrected): 195 (dec.) 
IR (KBr): ν~ = 3299 cm−1 (NH), 1642 cm−1 (Amide I), 1545 cm−1 (Amide II). 
EI-MS: m/z (%) 401 (32) [M+], 355 (50) [M+ – OEt], 196 (69) [M+ – (EtO)3Si(CH2)3], 181 
(100) [M+ – (EtO)3Si(CH2)3NH]. 
Elemental analysis: Calculated for C22H31NO4Si: C (65.80), H (7.78), N (3.49). Found: C 
(65.92), H (7.70), N (3.44). 
 
2.6.1.3 Oligomers of 2 
Oligomers of 2 were prepared by dissolving this compound in toluene (5 w%). The solution 
became cloudy after 20 s. After 15 min, the supernatant was removed with a Pasteur pipette 
and the oligomers that had precipitated were washed three times with toluene. The dimers 
could be dissolved in THF; the higher oligomers were insoluble. Due to the fact that also 
some monomer dissolved in the THF, the dimer could not be obtained pure enough for 
elemental analysis. 
 
Dimer: 
1H-NMR (500 MHz, [D8]-THF, 20ºC, TMS): δ = 7.84 (s, 1H, Np-H), 7.71-7.70 (m, 3H, Np-
H), 7.58 (d, J = 15.6 Hz, 1H, O=C-HC=CH), 7.58 (m, 1H, Np-H), 7.36-7.33 (m, 2H, Np-H),  
7.02 (br-t, 1H, NH), 6.49 (d, J = 15.6 Hz, 1H, O=C-HC=CH), 3.69 (q, J = 7.1 Hz, 4H, Si-O-
CH2), 3.17 (m, 2H, HN-CH2), 1.52 (m, 2H, CH2-CH2-CH2), 1.08 (t, J = 6.9 Hz, 9H, CH3), 
0.52 (m, 2H, Si-CH2). 
13C{1H}-NMR (75 MHz, [D8]-THF, 20ºC, TMS): δ =165 (1C, C=O), 139 (1C, HC=CHCO), 
134.8, 134.7 and 134.2 (1C, C-ipso), 129.5, 129.14, 129.11, 128.4, 127.3, 127.2 and 124.3 
(1C, CH), 123 (1C, CHCO), 59 (3C, OCH2), 43 (1C, NH-CH2), 24 (1C, Si-CH2-CH2), 19 (3C, 
CH3), 8.7 (1C, Si-CH2). 
IR (KBr): ν~ = 3304 cm−1 (NH), 1647 cm−1 (Amide I), 1550 cm−1 (Amide II). 
EI-MS: m/z (%) 683 (10) [M+–OEt] 
 
Cyclic trimer: 
EI-MS: m/z (%) 982 (29) [M+], 937 (5) [M+–OEt]. 
 
Higher oligomers: 
MALDI-TOF: 
Linear m/z      Cyclic m/z 
[Trimer–3OEt]+: 920     [Trimer–3OEt]+: 846 
[Hexamer–4OEt]2+: 904    [Trimer]+: 981 
[Hexamer–2OEt]2+: 949    [Decamer–2OEt]3+: 1060 
[Trimer–OEt]+: 1010     [Decamer]3+: 1090 
[Heptamer–5OEt]2+: 1037    [Tetramer–4OEt]+: 1128 
[Heptamer]2+: 1449 
IR (KBr): ν~ = 3421 (NH), 3286 (NH). 
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2.6.2. Physical characterizations 
2.6.2.1 Scanning probe microscopy 
A Nanoscope III and a Dimension 3000 atomic force microscope (Digital Instruments, Veeco 
Metrology Group 112 Robin Hill Road, Santa Barbara, Ca 93117), with standard silicon 
nitride tips were used to scan the substrates. 
The STM image in Figure 13 was obtained with a beetle-type, home-built STM. 
Scan parameters: θS = 90º, Zrange = 10 nm, Vbias = –132 mV and Itunnel = 8 pA. 
 
2.6.2.2 Ellipsometry 
Samples were prepared by immersion of a clean ITO plate into a 2 weight % solution of 2 in 
toluene using an added drop of acetic acid to activate the surface. After a fixed time, the plate 
was taken out, washed with acetonitrile, and baked in an oven at 120ºC for 10 min. 
Measurements were performed on a Gaertner L117-C single-wavelength ellipsometer, using 
light of 632.8 nm. The angle of incidence was 70º. 
The data was fitted using a home-written program, to a refractive index which is a mixture of 
50% air and 50% 2. From this, an average top-top layer thickness of 8.0 ± 2 nm was 
calculated. 
 
2.6.2.3 Twisted-nematic LCD manufacture 
TN-LCD cells with a thickness of 6 µm (Mylar® spacer) were prepared following a literature 
procedure. 1b The ITO used in these experiments was purchased from the Applied Film 
Corporation (6797 Winchester Circle, Boulder, CO 80301, USA). The exact manufacturing 
process is unknown. Ellipsometry measurements indicated that the ITO plates consisted of 20 
nm ITO coated by rf sputtering over a polycrystalline SiO2 layer (20 nm) on a 1.1 mm 
sodalime glass substrate (BK7). The ITO layer was polished by the manufacturer to obtain 
optical quality for LCD application. Sample plates were prepared by immersing an ozone-
cleaned ITO or quartz plate in a toluene solution of 1b or 2, with an added drop of acetic acid 
to activate the surface. After one hour, the plates were washed with dry acetonitrile and baked 
at 120ºC for 10 min. The polyimide counter plate was prepared by spin-coating it with a 2 
w% solution of Pyralin® PI2555 (HD Microsystems) in 1-methyl-2-pyrrolidinone, after which 
it was baked at 180ºC for 60 min. The counter plate was rubbed with a home-built rubbing 
machine. Linearly polarized UV irradiation experiments were performed with a 150 W Xe-
lamp, 180 < λ < 350 nm, at an intensity of 0.15 mW cm–2 for 20 min. The cells were filled 
with 5CB (TNI = 35.3ºC), heated to 40ºC, and cooled to room temperature three times. In all 
experiments, at least five plates were examined. Seven working TN-cells were made using 
ITO with 2 and rubbed PI. 
 
2.6.2.4 Determination of dimerization constants 
A 10.58 mM stock solution of 1b and 2 in toluene-d8 were diluted by adding a weighed 
amount of solvent to a weighed amount of stock solution. Concentrations higher than 10.58 
mM were prepared by adding a weighed amount of toluene-d8 to a weighed amount of 
compound in an NMR-tube. Experiments were performed on a Bruker AMX 500 instrument 
at 298K. The dimerization constant was determined by following the resonance of the amide 
proton as a function of concentration. The data were fitted with the computer program Grafit20 
using the following equation,21 which defines a 1:1 self-association (dimerization) of two 
molecules: 
 
K
KK
ass
assassdm
mobs c
cc
4
)8141)(( +−+++= δδδδ     (3) 
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in which δobs and c are the observed shift (in Hz) and concentration (in M), respectively, and 
δm and δd the shifts (in Hz) of the monomer and dimer, respectively. From the fitting 
procedure the dimerization constant Kass could be obtained. 
Both dimerization constants were determined to be lower than 5 M−1. 
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2.6.2.5 X-Ray Diffraction  
Single crystals of 1b suitable for X-ray diffraction studies were obtained from hexane by slow 
evaporation of the solvent. A single crystal was mounted in air on a glass fiber. Intensity data 
were collected at room temperature. An Enraf-Nonius CAD4 single-crystal diffractometer 
was used, Mo-Kα radiation, ω-2θ scan mode. Unit cell dimensions were determined from the 
angular setting of 25 reflections. Intensity data were corrected for Lorentz and polarization 
effects. Semi-empirical absorption correction (Ψ-scans)22 was applied. The structure was 
solved by the program DIRDIF23 using the PATTY option and was refined with standard 
methods (refinement against F2 of all reflections with SHELXL9724) with anisotropic 
parameters for the nonhydrogen atoms. All hydrogens were placed at calculated positions and 
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were refined riding on the parent atoms. CCDC-192583 contains the full crystallographic data 
for this paper. These data can be obtained free of charge via 
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data 
Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44) 1223-336-033; or 
deposit@ccdc.cam.ac.uk). 
Structure determination summaries are given in Table 1.  
 
Table 1: Crystallographic data for 1b 
Empirical formula C18H29NO4Si 
Crystal size (mm) 0.40 x 0.33 x 0.22 
Formula weight 351.51 
T (K) 293(2) 
Crystal system Monoclinic 
Space group P21/a 
a (Å) 9.7056(10) 
b (Ǻ) 17.8378(17) 
c (Ǻ) 12.599(2) 
α (º) 90 
β (º) 110.578(16) 
γ (º) 90 
V (Ǻ3) 2042.0(4) 
ρcalcd (g cm−3) 1.143 
Z 4 
Diffractometer (scan) Enraf-Nonius CAD4 (ω-2θ) 
Radiation Mo-Kα (graphite mon.) 
Wavelength (Ǻ) 0.71073 
F(000) 760 
θ range (º) 2.86 − 22.98 
Index ranges −10<=h<=0 
0<=k<=19 
−12<=l<=13 
Reflections collected [R(int)] 3021 [0.0302] 
Unique reflections 2826 
Reflections observed (Io>2σ(Io)) 1235 
Goodness-of-fit on F2 1.054 
R (Io>2σ(Io))  [ωR2] 0.0904 [0.2081] 
ωR2 (all data) 0.2662 
ρfin (max/min) e Ǻ −3 0.289 / −0.208 
 
2.6.2.6 Calculations / Molecular modeling 
Calculations were performed with the program CSMOPAC in Chem3D Ultra 7.0® 
(CambridgeSoft.com, 1001 Cambridge Park Drive, Cambridge, MA, 02140-2317, U.S.A.). 
The semi-empirical methods Parameter Model 3 (PM3)25 and Molecular Mechanics 226 were 
used as force fields. 
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Phthalocyanines 
Chapter 3 
3.1 Introduction 
3.1.1 Controlling the alignment layer 
With applications of liquid crystal displays (LCDs) becoming ever more abundant, the 
ability to understand and control liquid crystal ordering is crucial for the development of new 
and better LCDs. This requires insight into the nature of the interactions between the 
alignment surface and the liquid crystal.1 The current manufacturing process for alignment 
layers involves the mechanical rubbing of a spin-coated polyimide on a conducting indium-
tin-oxide (ITO) plate, creating microscopic grooves along and in which the liquid crystal 
molecules align (see Chapter 1). Although in use since the 1920s, this process is still the focus 
of much research and has only recently been better understood in terms of molecular 
interactions.2 In the past decades, non-contact methods for liquid crystal alignment, e.g. 
photoalignment3 and magnetic field alignment4 have been developed, which are competitive 
with respect to the performance of current industrially produced LCDs. Direct and facile 
control over the molecular make-up of the alignment layer, however, remains a challenge.  
In Chapter 2, a method was described to construct alignment layers for LCDs in a non-
contact way, by making use of the supramolecular chemistry of a naphthalene-functionalized 
oligosiloxane. Supramolecular interactions in solution resulted in the formation of rigid, well-
defined oligosiloxanes, which precipitated out of solution. This caused the small intrinsic 
order present on ITO used in standard LCDs (arising from the deposition of the conductive 
layer), to be amplified over a thousand-fold, resulting in a functional, cheap and instantaneous 
alignment layer for LCD purposes. 
In order to investigate what effect changing the molecular make-up of the alignment 
layer has on its interactions with liquid crystal molecules, the layer has to be able to 
(reversibly) bind other molecules. Unfortunately, the alignment layers described in Chapter 2 
were not able to fulfill this requirement. With most of the alignment layer’s amide groups 
engaged in intramolecular hydrogen bonds, π-π-interactions with incoming molecules were 
the only supramolecular interaction available for changing the chemical make-up of the layer. 
Especially in the presence of liquid crystal molecules containing biphenyl moieties, such as 
5CB, these interactions were judged to be too weak to strongly bind other (aromatic) 
molecules. Therefore, another approach was deemed necessary to construct LCDs with 
chemically controllable alignment layers.  
 
3.1.2 Aim 
In order to attain direct chemical control over the alignment layer, we decided to 
investigate the alignment layer formation properties of a siloxane containing a functional 
group (ligand), capable of interacting with metal-organic species. The binding of such a 
species to the alignment layer might severely influence the ordering of liquid crystal 
molecules near the surface, possibly even going from planar to homeotropic alignment 
(Figure 1). In addition, the presence of a metal-organic species in the alignment layer provides 
a myriad of ways to influence the interaction between the alignment layer and the liquid 
crystal molecules, e.g. by an addition of a ligand to the mesogenic compound. The 
coordination of such a ligand to the metal-organic species in the alignment layer could result 
in direct chemical control over the alignment quality. 
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Figure 1: Schematic representation of a possible change in liquid crystal ordering brought about by the binding 
of a metal-organic species to the alignment layer. 
 
 As metal binding ligand, pyridine-functionalized siloxane 3 was chosen (Chart 1). As 
was shown in Chapter 2, the ratio of the rate of siloxane oligomerization and surface grafting 
is crucial for the formation of the alignment layer. Assuming this ratio to be the major 
contributing effect in alignment layer formation, we were hopeful that the effect could be 
reproduced for other oligomer-forming siloxanes. As metal-organic species, zinc 
2,3,9,10,16,17,23,24-octakis(octyloxy)-29H,31H-phthalocyanine (ZnPc, Chart 1) was chosen. 
 
N
NH
O
Si(OEt)3
3
N
N
N
N
N
N
N
N
RO
RO OR
OR
OR
ORRO
RO
Zn
R = n-octyl
ZnPc  
Chart 1 
 
The coordination of ZnPc to a pyridine-functionalized alignment layer was envisaged 
to increase both the ordering in the alignment layer itself (Figure 2), as well as the interaction 
with the liquid crystal in the LCD, both due to the large aromatic surface of ZnPc and the 
presence of its alkyl tails. In addition, phthalocyanines have many functional properties, 
ranging from catalytic behavior to the formation of discotic liquid crystal phases, which offers 
additional possibilities for chemically influencing or controlling the properties of the 
alignment layer by adding dopants to the liquid crystalline medium of the cell. 
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Figure 2: Schematic representation of the coordination of ZnPc to an ordered layer of 3. 
3.2 Synthesis 
Pyridine-functionalized siloxane 3 was synthesized from commercially available 
compounds in a two-step procedure (Scheme 1). Isonicotinic acid was activated for amide 
coupling using thionyl chloride, which yielded the acid chloride in a 97% isolated yield after 
purification. Subsequently, the acid chloride was reacted with γ-aminopropyltriethoxysilane in 
a 1:1 v:v THF/pyridine mixture for five days, which yielded siloxane 3 in 60% isolated yield 
after multiple recrystallizations from hexane. 
 
N
NH
O
Si(OEt)3
N
OHO
N
ClO
SOCl2
4h, 40°C
NH2(EtO)3Si
Py/THF RT/N2, 5d
3  
Scheme 1 
 
Strikingly, the synthesis of 3 required much longer reaction times and harsher 
conditions than that of siloxanes 1b and 2 discussed in Chapter 2. In the first step, the 
formation of the acid chloride was hindered by the low solubility of isonicotinic acid. This is 
probably caused by the formation of a strong intermolecular hydrogen bonding network, 
facilitated by the para-position of the hydrogen bonding groups.5 In the second step, the acid 
chloride itself can possibly compete with pyridine in trapping the HCl formed during the 
reaction. Although this might seem unlikely, as pyridine is used as cosolvent, 1H- and 13C-
NMR spectra of the reaction mixture indicated the presence of protonated isonicotinic acid 
chloride. In addition, the reaction mixture was found to contain ethyl isonicotinoate, 
indicating partial decomposition or oligomerization of the siloxane, followed by trapping of 
the liberated ethanol by the acid chloride. 
Compound 3 was found to be extremely water sensitive, yielding oligomers within 
seconds upon exposure to air. Therefore, the compound was stored at −20ºC under a nitrogen 
atmosphere.  
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3.3 Pyridine Containing Alignment Layers 
3.3.1 Chemical reactivity of 3 and quality of its alignment layers 
 The physical properties of 3 were rather different from those of 2 (Chapter 2). 
Whereas 2 decomposed only at 195ºC, siloxane 3 melted at 4ºC. In addition, whereas 2 was 
soluble in toluene up to concentrations of 20 w%, the solubility of 3 was found to be below 
0.1 w% in toluene. To reach higher concentrations, ethanol (5 v%) had to be used as a 
cosolvent.  
The chemical behavior of compounds 2 and 3, however, was found to be quite similar; 
Compound 3 also readily oligomerized in ethanol/toluene solutions, with the rate of 
oligomerization depending on concentration and temperature, and eventually precipitated out. 
With MALDI-TOF mass spectrometry, both cyclic and linear oligomers up to octamers were 
identified, indicating that the use of a cosolvent had no adverse effect on the oligomerization. 
ITO plates were covered with 3 by immersing the plate into ethanol/toluene solutions 
containing the siloxane in different concentrations, ranging from 0.25 w% to 3.0 w%. After 
one hour, the plate was placed in dry acetonitrile and subsequently baked at 120ºC for 10 
minutes to complete the covalent bonding of the siloxane to the surface, as well as to remove 
any residual solvent. 
Surprisingly, none of the concentrations used in the deposition experiments yielded a 
functional alignment layer. When examined with scanning electron microscopy (SEM), no 
clear groove-shaped surface features were observed for siloxane concentrations between 1.0 
and 3.0 w%; the surface was mainly covered with phase-separated structures (Figure 3a), 
which were not characterized further. When the concentration of 3 was lowered to 0.25 w%, 
however, SEM showed the formation of groove-like surface structures (Figure 3b), 
surrounded by phase-separated features.  
 
 
Figure 3: Scanning electron micrographs of ITO plates from solutions of 3. a) 3 w%, phase-separated structures 
appear dark due to charging in the electron beam; b) 0.25 w%. Bars are 1µm. 
 
Just as observed for 2, these surface features are only generated within a narrow 
concentration range: lowering the concentration to 0.1 w% (with or without ethanol as 
cosolvent) or increasing the concentration to 0.5 w% resulted in featureless surfaces, covered 
mainly with phase-separated blobs.  
When the layer formed from 0.25 w% of 3 was used as an alignment layer in a liquid 
crystal cell with a non-rubbed polyimide counter plate, polarizing microscopy showed that it 
was not capable of aligning the 5CB used in the cell (Figure 4). This indicated that although 
some surface ordering was present on the plate, the interaction between the liquid crystal and 
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the alignment layer was not sufficiently high to cause uniform alignment of the liquid crystal, 
possibly because of disorder in the alignment layer itself (vide infra). 
 
 
Figure 4: Polarizing micrographs of parallel liquid crystal cells prepared using an alignment layer containing 
0.25 w% of 3. a) Polarizers at 90º; b) Polarizers at 45º. Images are 600 x 400 µm. 
 
One possible explanation for the formation of a non-aligning layer from 3 would be 
(partial) protonation of the pyridine groups by the acetic acid added during layer formation. 
Electrostatic repulsion between the charged pyridinium groups would prevent the formation 
of an ordered (mono)layer. Leaving the acid out of the layer forming mixture, however would 
influence the speed of surface grafting, as it is used to activate the surface. Therefore, post-
formation rinsing of the alignment layer with saturated potassium carbonate remained as the 
only viable option to test this idea. Polarizing microscopic images of parallel liquid crystal 
cells of such treated plates hardly showed any alignment (Figure 5). This indicated that 
protonation of the pyridines after the formation of the surface layer was not responsible for 
the negative result, suggesting that the formation of the non-aligning layer was due to a 
process which occurred during the deposition process. Therefore, we decided to investigate 
the kinetics of the layer formation in more detail. 
 
 
Figure 5: Polarizing micrographs of parallel liquid crystal cells prepared using an alignment layer containing 
0.25 w% of 3 after rinsing with saturated potassium carbonate. a) Polarizers at 90º; b) Polarizers at 45º. Images 
are 600 x 400 µm. 
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3.3.2 Mixed pyridine-containing alignment layers 
The fact that the surface features shown in Figure 3 form at a much lower 
concentration of 3 than used for 2 seemingly supports the hypothesis that the rate of 
oligomerization is one of the controlling factors in the spontaneous formation of the 
alignment layer. Besides showing a much larger sensitivity towards air, and especially the air 
humidity (vide supra), the oligomerization was observed with 1H-NMR to be much faster for 
3 than for 2, with oligomer formation now in the order of seconds, rather than minutes. 
Although its oligomerization rate could in principle be controlled to resemble that of 2, 
compound 3 and its oligomers will also affect the rate of the other process suggested to 
govern groove formation, viz. surface grafting. It is known that groups capable of hydrogen 
bonding can strongly interact with the OH groups on the hydrophilic ITO surface (Figure 6). 
In addition, the pyridine group could interfere with the hydrogen bonding network between 
molecules of 3 (Figure 6). Both processes are known to disrupt the formation of an ordered 
layer,6 and may interfere with the formation of a functional alignment layer. 
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Figure 6: Schematic representation of a possible conformation of a non-ordered layer of 3. 
 
It was reasoned that dilution of the number of pyridine groups on the surface, by using 
the non-reactive triethoxy(phenyl)silane (4) as a comonomer in the oligomerization reaction, 
would result in a less crowded alignment layer, by minimizing the disruptive effects of 3 on 
the formation of this layer (Figure 7).  
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Figure 7: Schematic representation of an ordered layer from the co-deposition of 3 and 4. 
 55
Chapter 3 
Using MALDI-TOF, it was observed that both siloxanes 3 and 4 were readily 
incorporated into the oligomers, with both linear and cyclic oligomers up to n = 29 being 
formed. The content of 3 in these oligomers varied between 5 and 41 %. In addition, the 
oligomerization rate was observed with 1H-NMR to be lower than that of solutions containing 
the same concentration of 3, with dimer formation occurring only after 2−3 minutes. The 
solubility of 3 in toluene was also improved by adding 4, as the concentration of ethanol as 
cosolvent could be dropped to 2 v%. The addition of ethanol also increased the solubility of 
the oligomers, with precipitation only occurring after 15-20 minutes. This would also explain 
the formation of larger oligomers, compared with pure solutions of 2 or 3. 
Once again, ITO plates were coated with siloxane mixtures as described above. In 
these mixtures, the molar ratio of 3:4 was kept constant at 1:9, varying only the total siloxane 
concentration between 0.25 w% and 5 w%. SEM and AFM studies on the plates mostly 
showed featureless surfaces, which were not capable of liquid crystal alignment. Only by 
using a total siloxane concentration of 0.50 w% in toluene/ethanol, a layer was formed which 
was observed by AFM to contain small anisotropic groove-like surface features (Figure 8a) 
with a top-top-distance of 6 ± 2 nm, which were 50−60 nm wide (Figure 8b), separated by 
isotropic regions. Close inspection of the AFM images indicated a preferential alignment 
direction of the grooved structures parallel to the arrow shown in Figure 8a. 
 
 
Figure 8: a) AFM micrograph of an ITO plate coated with a mixture of 3 and 4 (molar ratio 1:9, total siloxane 
concentration 0.5 w%). The arrow indicates the groove direction. Image is 6 x 6 µm. The ridges are 
imperfections intrinsically present on the ITO; b) Height profile along the white line in a).  
 
3.3.3 LCDs from the mixed alignment layer: characterization & alignment quality 
The layer formation by mixtures of 3 and 4 was also monitored with ellipsometry 
(Figure 9). Within the experimental error, a trend was observable in the calculated thickness, 
suggesting that the layer formation accelerated after 20 minutes and leveled off after about 
45−60 minutes. By measuring multiple spots after 60 minutes, an average layer thickness of 
5.5 ± 1.5 nm was derived, which is in agreement with the top-top-distance of the grooves 
obtained by AFM. If the results are compared to those obtained for 2, the most striking 
difference is the existence of what could be described as an induction period in the case of 
3/4, after which the layer formation accelerates. One possible explanation for this 
phenomenon could be the higher solubility of the oligomers formed (vide supra). As their 
precipitation is required for the formation of an ordered layer, it would be logical to assume 
that the formation of the alignment layer only starts after the oligomers grow so large as to 
render them insoluble. Unfortunately, several unknown parameters (e.g., the ITO plates used 
in these experiments consist of layers of glass, fused quartz and ITO of unknown thickness 
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separated by rough interfacial regions) had to be optimized with a fitting program during 
processing of the ellipsometry data, which limits further interpretation of these experiments. 
 
 
Figure 9: Layer thickness and ellipsometry data during the formation of a layer of 3 and 4. The lines are a guide 
to the eye. 
As in the case of 2, the final layer thickness is probably the result of either the 
formation of a multilayered 3D-structure on the surface, or the precipitation of aggregated 
oligomers (see Chapter 2). Unfortunately, layer formation could not be investigated in greater 
detail, partly because of the experimental difficulties encountered in ellipsometry. 
When the surfaces prepared from 3 and 4 were used in liquid crystal cells, with an 
unrubbed polyimide plate as counter plate, polarizing microscopy showed that approximately 
70% of the surface was capable of aligning liquid crystals (Figure 10), with liquid crystal 
domain sizes being in the order of several tens of microns. 
Thus, the deposition of a mixed layer of 3 and 4 resulted in the spontaneous formation 
of surfaces, capable of liquid crystal alignment, with similar properties as observed for 2, only 
with smaller domain sizes (tens of microns vs hundreds of microns). 
 
 
Figure 10: Polarizing micrographs of parallel liquid crystal cells prepared using an alignment layer containing a 
mixture of 3 and 4 (molar ratio 1:9, total siloxane concentration 0.5 w%). a) Polarizers at 90º; b) Polarizers at 
45º. Images are 600 x 400 µm. 
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In this respect, the “zipper mechanism” proposed in Chapter 2 might explain why the 
domain sizes for alignment layers of 3/4 are smaller than those observed for 2 in Chapter 2. In 
this case, the oligomers precipitating out of solution are larger than their counterparts in 
Chapter 2, because of their higher solubility in the ethanol-containing solvent. This solubility 
also entails a delay in layer formation. Obviously, monomers of 3 and 4 also graft onto the 
surface during this delay. With directional order by the grafting of large oligomers only being 
provided after some time, some parts of the ITO plate would be covered with siloxanes 
without large surface anisotropy. This would result in the formation of ordered areas, 
separated by isotropic regions, which was confirmed by AFM and polarizing microscopy of 
liquid crystal cells from these alignment layers. 
 
3.3.4 Anchoring energy in relation to the Berreman theory 
The azimuthal anchoring energy Wφ of the mixed layer of 3 and 4 was measured to be 
9.0 x 10–6 J m–2 using the cell rotation method,7 which is similar to that found for 1b, and half 
of that found for 2. The value predicted by the Berreman condition8 (see Chapters 1 and 2) for 
grooves of 4−8 nm deep and 50−60 nm wide is between 3.8 x 10−5 J m−2 and 2.6 x 10−4 J m−2. 
Although this seems to indicate that in the case of 3/4, the minimization of the elastic 
distortion energy is not the main contributing component to the anchoring energy, these 
results can also be explained by the co-deposition of both siloxane monomers and oligomers 
described earlier. The deposition of the former results in a “dilution” of the number of 
grooves on the total surface, which lowers the anchoring energy.7d Comparing 1b, 2 and 3, 
there is, however, insufficient data to conclude that there is a direct relationship between the 
size and nature of the π-surface of the siloxane used in the alignment layer and the anchoring 
energy. 
3.4 Phthalocyanine Containing Alignment Layers 
3.4.1 Coordination and aggregation behavior of ZnPc  
 In the preceding paragraph, it was shown that a supramolecular alignment layer 
containing pyridine groups can be easily constructed from mixtures of compounds 3 and 4. 
Now the question remains whether this alignment layer can be controlled by chemical means, 
i.e. the coordination of ZnPc. Before attempting to chemically influence the properties of this 
alignment layer by interacting it with ZnPc (Chart 1), both the interaction between ZnPc and 
3, and the aggregation behavior of ZnPc in solution were studied. Attempts to measure the 
binding constant between 3 and ZnPc in chloroform with UV-Vis spectroscopy proved to be 
impossible because 3 only dissolved well in ethanol (or ethanol containing solvent mixtures) 
and precipitated out of the cuvet at the concentrations needed for binding studies in 
chloroform; the presence of ethanol in turn resulted in precipitation of ZnPc. The addition of a 
20-fold excess of 3 to ZnPc in chloroform resulted in a slight broadening of the main Q band 
at 680 nm, as well as the emergence of a second Q band, red shifted by 54 nm (Figure 11). In 
addition, the intensity ratio of the Q-bands at 618 and 652 nm changed, with the band at 652 
nm showing a red shift of 3 nm. These effects are indicative of the binding of a ligand, i.e. 
pyridine, to a zinc-phthalocyanine.9
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Figure 11: Normalized UV-Vis spectra of ZnPc and ZnPc with 3. 
 
The aggregation behavior of ZnPc in chloroform solution was studied by following the 
absorbance intensity of the Q-bands at 615 and 680 nm as a function of the concentration of 
this compound. A Lambert-Beer plot did not show a deviation from linearity in the 
concentration range of 26 nM to 0.23 mM (see Experimental), indicating that aggregation 
does not occur in this range, which has been observed before for similar compounds.10 This 
suggests that the pyridine containing alignment surface is reacting only with monomers in 
solution. 
 
3.4.2 Effects of ZnPc coordination to layers from 3 on LCD quality 
When the layers, made from solutions containing only 3 − which were not capable of 
inducing liquid crystal alignment (Figure 4) − were reacted with a 7.1 µM chloroform 
solution of ZnPc for three hours, the resulting surface did not show any increased liquid 
crystal alignment capabilities for 5CB (Figure 12a). The same was observed for the surfaces 
that had been rinsed with saturated potassium carbonate (Figure 12b). The latter result 
excludes the possible explanation that the pyridine groups are protonated (vide supra), 
thereby making coordination of ZnPc impossible. In addition, Fourier-Transform-Infra-Red 
(FTIR) experiments on the alignment layers showed that the aliphatic and aromatic CH 
stretch vibrations of ZnPc, observed in a KBr pellet at 2858, 2923 and 3014 cm−1, 
respectively, were not present on the alignment surface.11 This suggests that the bulk of the 
pyridine groups present on the surface is not available for binding of ZnPc. 
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Figure 12: Polarizing micrographs of parallel liquid crystal cells containing an alignment layer prepared using 
0.25 w% of 3 which was reacted with ZnPc. a) without treatment of the pyridine layer with saturated potassium 
carbonate; b) with treatment of the pyridine layer with potassium carbonate. Polarizers at 90º. Images are 600 x 
400 µm. 
 
3.4.3 Effects of ZnPc coordination to layers of a mixture of 3/4 on LCD quality 
When the layers, comprised of a mixture of 3/4 − which were capable of inducing 
liquid crystal alignment (Figure 10) − were reacted with a 7.1 µM chloroform solution of 
ZnPc for three hours, polarizing microscopy revealed that the liquid crystal domain sizes of a 
parallel liquid crystal cell containing this alignment layer had increased by up to 5 fold, to 
more than 100 µm (Figure 13). Furthermore, the director of the liquid crystal domains was 
rotated by an angle of 50 ± 10º, indicating that the interaction responsible for the liquid crystal 
alignment was no longer the pyridine-functionalized layer. 
 
 
Figure 13: Polarizing micrographs of parallel liquid crystal cells containing an alignment layer prepared using a 
mixture of 3/4, which was reacted with ZnPc. a) Polarizers at 90º; b) Polarizers at 45º. Images are 600 x 400 µm. 
 
Additional experiments clearly demonstrated the presence of ZnPc on the alignment 
layer, even after the surface had been washed with chloroform. FTIR showed that both the 
aliphatic and aromatic CH stretch vibrations of ZnPc were also present on the surface. In a 
control experiment, the corresponding free-base phthalocyanine, which cannot coordinate to 
the pyridine-functionalized layer, was readily rinsed off. To investigate whether the binding 
of ZnPc to the surface could be solely attributed to Van der Waals forces or π-π-interactions, 
an ITO plate was covered with only 4 from the vapor phase and reacted with a 7.1 µM 
solution of ZnPc for three hours, followed by washing with chloroform. FTIR confirmed the 
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absence of ZnPc on the surface. In addition, when these surfaces were used in parallel liquid 
crystal cells, polarizing microscopy showed that the liquid crystal texture was similar to that 
in Figure 4. This not only confirms the idea that a surface covered with 4 from the vapor 
phase is not capable of aligning liquid crystals, it also shows that the surface is not able to 
bind ZnPc. These results indicate that coordinative binding of the phthalocyanine is required 
and that the interaction – if any −  between 4 and ZnPc is not sufficiently high to withstand 
rinsing.  
 
3.4.4 Alignment layer characterization: aggregation of ZnPc 
Surprisingly, AFM studies the layers from a mixture of 3/4 which had been reacted 
with ZnPc revealed the presence of large objects on the surface of the alignment layer, which 
possessed heights of 10−50 nm (Figure 14). We attribute the presence of these objects to the 
formation of ZnPc aggregates, each containing 300−1500 Pc molecules.12 As the layer was 
interacting only with single ZnPc molecules (vide supra), this observation implies that the 
aggregate growth was templated on the surface. To our knowledge, this templated growth of 
ZnPc aggregates from solution by a ligand-containing surface has not been reported before. 
Only the growth of phthalocyanine aggregates in ultra-high vacuum conditions or the 
formation of ordered phthalocyanine-containing surfaces using Langmuir-Blodgett techniques 
has been reported.13  
 
 
Figure 14: a) AFM micrograph of the alignment layer shown in Figure 13. Image is 3 x 3 µm; b) Idealized 
schematic representation of templated growth of ZnPc aggregates by the pyridine-containing alignment surface. 
 
The height of the ZnPc aggregates was found to increase with time, from a maximum 
of 25 nm after 30 minutes, to 50 nm after 3 hours of immersion in the ZnPc solution (Figure 
15). The observed dependence between aggregate height and immersion time suggests that a 
kinetic process takes place. Initially, many small aggregates are formed on the surface. After 
three hours, a thermodynamic equilibrium is reached in which the aggregate size remains 
stable.  
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Figure 15: AFM cross-sections of pyridine-containing surfaces which had been immersed in solutions of ZnPc 
for: a) 30 mins.; b) 3 hrs.  
 
This process could also be observed with SEM. Initially, the large amount of small 
aggregates obscured the ordering of the pyridine-containing alignment layer, which resulted 
in a featureless surface when observed with SEM (Figure 16a). After three hours, the number 
of aggregates was far less, making that the underlying order of the pyridine alignment layer 
becomes visible again with SEM (Figure 16b).  
 
 
Figure 16: Scanning electron micrographs of pyridine-containing surfaces which had been immersed in 
solutions of ZnPc for: a) 30 mins.; b) 3 hrs. Bars are 1 µm. 
 
The width of the aggregates did not show a time dependence. It varied between 25 and 
190 nm, which is far too large for a single ZnPc aggregate. This result could be partially 
ascribed to tip-effects during the measurement, because of the relatively large height 
differences in the layer. It is, however, also likely that Van der Waals interactions between 
ZnPc stacks on the surface cause the aggregation thereof, resulting in higher-order aggregates, 
which has been observed before for phthalocyanines.12,14 The aspect ratio (height/width) of 
the peaks after 3 hours of immersion seemingly confirmed this, as it varied from 0.21 to 0.53 
for aggregates between 45 and 55 nm in height, suggesting multiple aggregate types. The 
aggregates on the surface are probably linked to more than one pyridine site, as it is unlikely 
that one single pyridine-zinc interaction could keep an aggregate in place during washing.  
The distribution of the number of ZnPc aggregates after 3 hours of immersion was not 
constant over the area of the ITO plate (which measured 10 x 15 mm), ranging from 13−31 
stacks•µm–2, with an average of 20 stacks•µm–2, which was measured over 4 AFM 
micrographs with a total surface of 60 µm2. For simplicity, assuming a stack of 50 nm high 
contains 1500 ZnPc molecules and assuming every aggregate is composed of a single ZnPc 
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column, these results imply a surface coverage of ZnPc molecules of 3 x 1012 cm−2, or 5 x 
10−12 mol cm−2. 
 
3.4.5 Influence of surface-templated ZnPc aggregation on the anchoring energy 
Polarizing microscopy showed that the increase in liquid crystal domain size is 
correlated with the length of time of immersion: the larger the aggregates, the greater was the 
domain size, going from several tens of microns to hundreds of microns after three hours. 
This trend can be directly ascribed to the increased interaction between the ZnPc alignment 
layer and the liquid crystalline compound,15 and is also reflected in the anchoring energy. 
Initially, the anchoring is provided by the pyridine alignment layer only, with an anchoring 
energy of 9.0 x 10−6 J m−2 (vide supra). Upon immersion, the anchoring energy increases 
rapidly and  levels off at a value of 4.8 x 10–5 J m–2, which constitutes a five-fold increase 
(Figure 17).  
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Figure 17: Dependence of the anchoring energy of liquid crystal cells containing an alignment layer prepared 
using a mixture of 3/4, on the immersion time into a solution of ZnPc. The line is a guide to the eye. 
 
Clearly, the Berreman condition8 cannot hold here: AFM showed that the dimensions 
of the grooves on the alignment surface are not affected by the binding of ZnPc aggregates. In 
stead, if the interaction between the alignment surface and the liquid crystalline molecules is 
now dominated by the ZnPc aggregates, the increase in anchoring energy can be explained in 
two ways. First, the ZnPc aggregates offer more possibilities of π-π-interactions and Van der 
Waals interactions between the liquid crystalline molecules and the alignment surface than the 
pyridine layer, as ZnPc possesses longer alkyl tails and a larger aromatic surface than the 
pyridine linker. Second, as the aggregates are approximately 50 nm high, this entails a far 
better interaction with the liquid crystal bulk compared with a normal surface-bound layer of 
a few nanometers thick, which only interacts with the first few layers of liquid crystalline 
molecules. 
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3.4.6 Influence of the mixed pyridine-containing layer on ZnPc aggregate ordering 
The results presented above indicate that the interaction responsible for the alignment 
of the liquid crystal molecules changes, going from the pyridine-functionalized surface to the 
ZnPc aggregates. This would imply that, besides superior interaction possibilities with the 
liquid crystalline molecules, the ZnPc aggregates have to possess a directional anisotropy 
responsible for uniformly aligning liquid crystal molecules. AFM tentatively suggested that 
the ZnPc aggregates align themselves on the pyridine-functionalized surface (Figure 18), 
although this ordering was not seen over the entire ITO plate. The angle between the grooves 
of the pyridine-functionalized layer and the direction of the ZnPc aggregates was found to 
range between 8º and 26º (measured over 24 lines of ZnPc aggregates), suggesting that the 
ordering of the aggregates is linked to that of the pyridine-functionalized layer. It is, however, 
impossible to conclude from this data that the liquid crystal alignment is due to ordering of 
the ZnPc aggregates on the pyridine-containing layer. 
 
 
Figure 18: AFM micrographs of alignment layers prepared using a mixture of 3/4, which were reacted with 
ZnPc. Images are: a) 2.6 x 4.6 µm; b) 2.9 x 4.6 µm. The lines are a guide to the eye. 
 
3.4.7  Physical control over the alignment layer: shear forces 
3.4.7.1 Initial ordering of the aliphatic tails 
The ordering of the ZnPc aggregates on the surface was also studied with polarized 
FTIR, at normal incidence with respect to the ITO surface. The spectra showed that the 
absorption of the ZnPc tails (followed at 2923 cm−1) was dependent on the polarization angle 
of the incident light (Figure 19). This dependence suggests that the alkyl tails of the ZnPc 
aggregates are uniformly aligned within the size of the IR spot size, which is circa 20−30 
mm2. 
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Figure 19: Plot of the intensity of the aliphatic stretch vibrations of surface-bound ZnPc aggregates at 2923 
cm−1, as a function of polarizer angle.  
 
Measuring the angle dependence of the aliphatic absorption at 2923 cm−1 on different 
spots on the same ITO plate showed that the curves are “out of phase” (Figure 20). This 
indicates that the orientation of the alkyl tails of the ZnPc aggregates on the surface is 
clustered in rather large domains. In addition, these results show that the ZnPc stacks are 
aligned within one domain, and that the domain orientation differs from spot to spot on the 
surface, just like the orientation of the pyridine-functionalized alignment layer (vide supra). 
Unfortunately, the direction of the ZnPc stacks on the surface and the corresponding local 
order of the underlying pyridine-functionalized layer could not be correlated.  
Although the combined results imply that the growth and ordering of the ZnPc 
aggregates are linked to the pyridine-functionalized surface, no conclusion could be drawn 
with respect to the nature of the interactions governing this templating. To our knowledge, the 
combination of these two effects − two distinct hierarchical processes responsible for 
alignment layer formation − has not been reported before. 
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Figure 20: Plot of the intensity of the aliphatic stretch vibrations of surface-bound ZnPc aggregates at 2923 
cm−1, as a function of polarizer angle. Each curve was measured at a different spot on the same ITO plate. 
 
3.4.7.2 Controlling the surface ordering by application of a shear force 
Interestingly, the application of a shear force, viz. by the unidirectional rinsing of the 
ZnPc alignment layer with chloroform, resulted in the disappearance of the domain 
boundaries of the liquid crystalline compound (Figure 21). This implies the formation of 
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uniform liquid crystal alignment throughout the entire liquid crystal cell, extending over long 
distances up to 1.2 centimeters.  
 
 
Figure 21: Polarizing micrograph of a parallel liquid crystal cell with a ZnPc alignment layer after rinsing with 
chloroform. Polarizers at 0º, parallel to rinsing direction. Image is 6 x 4 mm. 
 
Polarized FTIR experiments confirmed that the curves of the angle dependence of the 
aliphatic tails were now “in phase”, implying uniform alignment of the alkyl tails over the 
entire surface of the ITO plate (Figures 22−23). Furthermore, as will be shown below, the 
direction of the tails, and consequently the direction of liquid crystal alignment, could be 
controlled by varying the rinsing direction, in a process which could be regarded as 
“molecular combing”. This is demonstrated in Figure 22a, where the rinsing direction was 
along the long axis of the ITO plate. If a polarization angle of 0º is defined as being parallel to 
this axis, the maximum at an angle of 90º indicates that the dipole of the aliphatic CH stretch 
vibration is perpendicular to the rinsing direction. As this dipole is also perpendicular to the 
direction of an extended alkyl tail, this result implies that the aliphatic chains of the aggregate 
stacks are aligned parallel to this direction (Figure 22b).  
 
 
Figure 22: a) Plot of the intensity of the aliphatic stretch vibrations of surface-bound ZnPc aggregates at 2923 
cm−1, as a function of polarizer angle, after unidirectional rinsing with chloroform parallel to the long axis of the 
ITO plate (see text). Each curve was measured at a different spot on the same ITO plate; b) schematic 
representation of a possible conformation of the alkyl tails. 
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Figure 23a shows the spectra of several different spots after the plate was rinsed in the 
perpendicular direction (i.e. along the short axis of the ITO plate). Once again, with a 
polarization angle of 0º being defined as being parallel to the long axis of the ITO plate, the 
maximum at 0º indicates that the aliphatic CH stretch vibration is perpendicular to the rinsing 
direction, which implies that the alkyl tails of the aggregate stacks are aligned parallel to the 
rinsing direction (Figure 23b). 
 
 
Figure 23: a) Plot of the intensity of the aliphatic stretch vibrations of surface-bound ZnPc aggregates at 2923 
cm−1, as a function of polarizer angle, after unidirectional rinsing with chloroform perpendicular to the short axis 
of the ITO plate (see text). Each curve was measured at a different spot on the same ITO plate; b) schematic 
representation of a possible conformation of the alkyl tails. 
 
This uniform alignment was stable for five days, after which the liquid crystal domains 
reverted back to their original size (Figure 13). Polarized FTIR experiments now showed 
curves similar to those in Figure 20. 
 
3.4.7.3 Ordering of the aromatic plane of the phthalocyanines within the aggregates 
The polarized FTIR experiments also provided information on the orientation of the 
phthalocyanines in the aggregate stacks. The data can be used to calculate both the order 
parameter S of the system, and the average tilt angle of the aromatic plane of the 
phthalocyanines in the core with respect to the surface normal, ψ. The order parameter S is 
based on the intensity ratios of a specific vibration band using two orthogonally polarized 
beams and is related to the dichroic ratio R = I⊥/I║ by:16 
 
)cos21(
1
1 2 α−+
−=
R
RS       (1) 
 
in which α is the angle between a specific transition moment and the molecular symmetry 
axis. For vibrations in and out of the plane of the phthalocyanine ring, the values for α are 90º 
and 0º, respectively. However, the phthalocyanine molecules in ZnPc aggregates are free to 
adopt a slip-stacked or angled-stacking arrangement along the long axis of the aggregate 
(Figure 24), or a combination thereof.  
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Figure 24: Schematic representation of possible conformations of phthalocyanine aggregates: a) slip-stacked; b) 
angle-stacked. 
The tilt angle of the phthalocyanine core with respect to the surface normal, ψ, can 
now be related to R by the following equations:13b 
 
1
1sin2 +=〉〈 Rψ for in-plane modes     (2) 
 
1
sin2 +=〉〈 R
Rψ for out-of-plane modes    (3) 
 
From polarized FTIR experiments using the in-plane CH-stretch vibration of  the 
phthalocyanine core at 3019 cm−1, an order parameter of S = 0.22 ± 0.04 was calculated from 
8 different spots on one plate. The angle between the surface normal and the aromatic plane of 
the phthalocyanine molecules was calculated from 8 different spots on one plate to be 
ψ = 38.6 ± 1.1º, using equation (2). Hence, the angle between the surface and the aromatic 
plane of the ZnPc molecules is (90º − ψ) = 51.4 ± 1.1º. The orientation of the aggregate, 
however, can not be deduced from these data. In Figure 25, two possible stack orientations are 
shown. For simplicity, the orientation depicted in Figure 25a is used throughout this thesis. 
Interestingly,  S and ψ remained, within experimental error, the same for the situations 
of Figures 20, 22 and 23, i.e. with or without application of shear force. This implies that 
rinsing had little effect on the angle between the aromatic plane of the ZnPc molecules in the 
stack and the surface.  
 
 
Figure 25: Schematic depiction of two possible ZnPc stack orientations. a) columnar aggregate; b) slip-stacked 
aggregate. 
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Although the stacking arrangement of the phthalocyanines in the ZnPc aggregates 
remains unclear, the combined polarized FTIR experiments support the idea of aggregates 
which are coordinated to the alignment surface, an idealized schematic depiction of which is 
given in Figure 14b. The results show that the orientation of the alkyl tails, and possibly the 
aromatic core of the aggregate, can be controlled by changing the direction of an applied 
shear force. In addition, the tilt angle of the aromatic plane of the phthalocyanine molecules in 
the stacks and the order parameter, does not change with the application of shear force. The 
combination of these results provide a simplified model of a rod − or a collection of 
aggregated rods − pivoting around an anchoring point on the surface, similar to Figure 14b. 
3.5 Chemical Control Over The Alignment Layer 
3.5.1 Interaction of the ZnPc alignment layer with DABCO 
 By introducing a competing supramolecular interaction, e.g. molecules that are 
capable of binding to ZnPc and disrupting the aggregates, it should be possible to alter the 
alignment capability of the ZnPc functionalized alignment layer (Figure 26). Amines, both 
aliphatic and aromatic, are known to coordinate to zinc phthalocyanines and porphyrins,10,17 
thus can compete with the pyridine-alignment layer for the ZnPc. Because zinc is mostly five-
coordinate, the introduction of a stronger ligand than the surface-bound pyridine should not 
only disrupt the aggregates, but also remove them from the surface. 
 
 
Figure 26: Schematic representation showing how the introduction of a molecule that binds strongly to ZnPc, 
e.g. DABCO, disrupts the stack of ZnPc molecules, changing the alignment capability of the layer. 
 
We selected 1,4-diazo-(2,2,2)-bicyclo-octane (DABCO, Figure 26) as a model amine. 
Solutions of DABCO in 5CB of 5.9 mM, 14 µM and 33 nM were pulled by a capillary force 
within 15 minutes into liquid crystal cells containing the surface-bound ZnPc aggregates. As 
indicators for the alignment quality, the domain size of the liquid crystal and − if possible − 
the anchoring energy were taken; therefore, no shear flow was applied to the ZnPc layer prior 
to the experiment. Polarizing microscopy clearly showed that the interaction of the ZnPc 
aggregates in the alignment layer of the liquid crystal cell with the incoming amine drastically 
affected the liquid crystal alignment and the LCD quality. A wave front of DABCO-
containing 5CB was seen traversing the cell, leaving a non-aligned layer behind (Figure 27). 
This effect is ascribed to a breaking up of the ZnPc aggregates by the incoming amine (Figure 
26). 
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Figure 27: Polarizing micrographs of liquid crystal cells with a ZnPc alignment layer: a) during infusion of 14 
µM DABCO. The line is a guide to the eye, the flow direction is indicated by the arrow; b) after infusion. Images 
are 600 x 400 µm.  
 
Most strikingly, the adverse effect of DABCO on the liquid crystal alignment 
capability of the system could also be seen by the naked eye, as the large domains of several 
hundreds of microns in size disappeared (Figure 28). 
After the dissolution of the ZnPc stacks by DABCO, no liquid crystal alignment at all 
was observed (Figure 27b). This was very much to our surprise, as the pyridine-containing 
alignment layer itself was shown earlier to be capable of inducing liquid crystal alignment 
(Figure 10). Blank experiments proved that DABCO had no significant adverse effect on the 
pyridine-containing alignment layer itself, since this layer retained its capability for liquid 
crystal alignment even in the presence of millimolar concentrations of DABCO, showing a 
change in neither domain size nor anchoring energy. However, when a mixture of DABCO 
and ZnPc (molar ratio 500:1) in 5CB was pulled through the LCD, the alignment was lost. 
This suggests that only the ZnPc-DABCO complex is responsible for permanently disrupting 
the liquid crystal alignment.  
 
 
Figure 28: Digital photograph of two liquid crystal cells with Zn Pc alignment layers. The cell on the left has 
not been exposed to DABCO, the right one has. Cells are 1 x 1.5 cm, polarizers at 90º. [DABCO] = 14 µM. 
 
 In order to test the selectivity of this effect with respect to amines, benzene, 
cyclohexanone and toluene were pulled through liquid crystal cells in millimolar 
concentrations. Polarizing microscopy revealed that the quality of the liquid crystal alignment 
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was not affected, supporting the notion that coordinative dissolution of the ZnPc stacks is 
responsible for the loss of liquid crystal alignment observed in the DABCO-experiments. 
Furthermore, 5CB itself, which is capable of coordinating metals with its cyano-group and is 
present in a high concentration, did not influence the alignment quality, suggesting only 
strongly binding amines are capable of dissolving the ZnPc stacks. 
AFM experiments supported the idea that the ZnPc stacks are broken up by the 
incoming amine. A cell which was opened after pulling DABCO through it, did not show any 
ZnPc aggregates on the alignment layer (Figure 29). Also, FTIR confirmed the presence of 
ZnPc in the liquid crystalline matrix of the cell and the absence of ZnPc aggregates on the 
surface upon the addition of DABCO.  
 
 
Figure 29: AFM image of the ZnPc alignment layer of an opened liquid crystal cell after exposure to 14 µM 
DABCO. Image is 3 x 3 µm. 
 
3.5.2 Chemical control over the alignment quality: pyridines 
To further explore the effect of amine ligands on the alignment quality of the ZnPc 
layer, we also performed experiments with pyridine in 120 mM, 61 µM and 139 nM 
concentrations, and with 2,6-di-t-butylpyridine in a concentration of 44 mM. The two highest 
concentrations of pyridine proved detrimental to the alignment quality, as described for 
DABCO. The lowest concentration, however, reduced the anchoring energy by a factor of 
2.5, to 1.9 x 10–5 J m–2. This result indicates that the properties of the alignment layer, and its 
interaction with a mesogenic compound, can be easily changed by adding the right 
concentration of ligand to the liquid crystalline compound.  
To our surprise, the sterically hindered 2,6-di-t-butylpyridine, which is not capable of 
coordinating to ZnPc and hence of disrupting the aggregates, also gave a positive response. 
1H-NMR experiments indicated that this effect was caused by the presence of a small amount 
(<1%) of 4-t-butylpyridine. After purification of the 2,6-di-t-butylpyridine, no response was 
observed, further supporting the idea that the dissolution of ZnPc aggregates from the surface 
is responsible for loss of alignment quality. 
 
3.5.3 Influence of chiral ligands on the alignment and liquid crystal texture 
 The effect of the addition of a chiral competitive ligand to the liquid crystalline matrix 
was also investigated. To this end, the chiral bidentate amine (1R,2R)-1,2-diphenylethane-1,2-
diamine was selected. As the interaction between the chiral ligand and ZnPc might produce a 
chiral liquid crystal phase in addition to disrupting the alignment, a shear-aligned ZnPc 
alignment layer was used in these experiments. When a solution of 5CB containing 4 mM of 
this diamine was pulled through a liquid crystal cell with a ZnPc alignment layer, once again 
a moving boundary was seen traversing the cell (Figure 30a). The liquid crystal texture of the 
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region exposed to the diamine showed a normal nematic phase, as expected for 5CB (Figure 
30b). Closer inspection, however, revealed the presence of cholesteric droplets in the nematic 
phase (Figure 30c/d). Blank experiments showed that the amine was not capable of inducing a 
chiral phase by itself, when dissolved in 5CB. The addition of a mixture of diamine and ZnPc 
(molar ratio 500:1) to 5CB, however, was capable of forming a cholesteric phase in 5CB. This 
suggests that only the amine complex of ZnPc induces a chiral phase. 
 
 
Figure 30: Polarizing micrographs of a liquid crystal cell with a ZnPc alignment layer after exposure to a chiral 
diamine (see text). Polarizers are between 45º. Images are: a) 600 x 400 µm; b) 500 x 330 µm; c) 300 x 200 µm; 
d) 100 x 67 µm. 
3.6 Concluding Remarks 
The main objective of the research presented in this Chapter was to investigate the 
attainability of obtaining direct control over the liquid crystal alignment quality of LCDs by 
the addition of well-chosen chemicals to the mesogenic compound used in the construction of 
these cells. This entailed the construction of an alignment layer which would be influenced by 
the addition of external chemical stimuli. In order to achieve this, we decided on using the 
extremely versatile coordination chemistry of metal-organic species. It was envisaged that the 
coordination of a metal-organic species to an alignment layer, which contained a ligand for 
this species, would severely influence the interactions between the alignment layer and the 
liquid crystal compound, if these layers were used in liquid crystal cells. Furthermore, these 
interactions can be altered and possibly controlled by the addition of other molecules to the 
mesogenic medium of the LCD, which are capable of coordinating to the metal-organic 
species. 
An alignment layer containing pyridine-functionalized siloxane 3 was constructed in 
order to bind the metal-organic species, zinc octaoctyloxy-phthalocyanine (ZnPc). 
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Surprisingly, the pyridine group was found to severely influence the chemistry of 3. Its high 
reactivity towards moisture entailed a very fast oligomerization rate, which, combined with its 
ability to form hydrogen bonds with the ITO plate, resulting in the formation of an ill-defined 
layer, which was not capable of inducing liquid crystal alignment. Diluting 3 with a non-
reactive phenyl-substituted siloxane (4) reduced both these effects, which resulted in the 
formation of a layer capable of aligning liquid crystals, which also contained ligands capable 
of binding ZnPc.  
The quality of the mixed alignment layer of 3/4 was found to be strongly dependent on 
the total siloxane concentration used in the deposition process, as was observed for 2 in 
Chapter 2. In addition, the combination of NMR, MALDI and ellipsometry experiments 
clearly showed that the formation of the mixed alignment layer of 3/4 only starts after an 
induction period, when oligomers begin to precipitate out of solution. The domain sizes for 
alignment layers of 3/4 are smaller than those observed for 2 in Chapter 2, which can be 
explained with the “zipper mechanism” proposed in that Chapter. 
When the mixed alignment surface from 3/4 is reacted with ZnPc, aggregate growth is 
templated from sites on the surface, ultimately resulting in ZnPc stacks of 50 nm high. When 
these layers are used in liquid crystal cells, both the domain size of the mesogenic compound 
and the anchoring energy are increased up to five-fold, compared to alignment layers of 3/4. 
As the groove width and depth of the pyridine-containing alignment layer remain unchanged, 
this indicates that the mechanism for liquid crystal alignment is not dominated by the 
Berreman condition, but by increased molecular interactions between the mesogenic 
compound in the liquid crystal cell and the ZnPc stacks extending into it. 
Polarized FTIR experiments clearly show that the direction of the alkyl tails of the 
ZnPc stacks can be controlled by the unidirectional rinsing of the surface. The tails align 
themselves parallel to the rinsing direction, which suggests that the ZnPc stacks are oriented 
with their aspect ratio parallel to the direction of the shear force induced by the rinsing. 
Furthermore, the angle between the aromatic plane of the phthalocyanine molecules in the 
stack and the surface did not change upon application of a shear force, supporting the notion 
of pivoting surface-bound ZnPc aggregates. 
The alignment quality of the ZnPc layer can be influenced by the addition of various 
ligands to the mesogenic compound used in the liquid crystal cell. The addition of strong 
ligands, e.g. DABCO, invariably proved detrimental to the liquid crystal aligning capability of 
the ZnPc layer, which was ascribed to the dissolution of the ZnPc stacks by the coordination 
of the ligand to zinc. This disappearance of the domain structure in such liquid crystal cells 
could be easily seen with the naked eye. The addition of nanomolar concentrations of 
pyridine, however, decreased the anchoring energy whilst leaving the domain size unaffected. 
Furthermore, the addition of a chiral ligand to the liquid crystalline compound not only 
resulted in loss of liquid crystal alignment, but also entailed the partial formation of a 
cholesteric liquid crystal phase. These combined results demonstrate that it is possible to exert 
direct chemical control over the alignment quality both pre- and post-LCD production. 
3.7 Experimental 
3.7.1 Synthesis & characterization 
3.7.1.1 General 
Unless stated otherwise, all reactions were carried out under Schlenk conditions in a nitrogen 
atmosphere. Toluene, THF and hexane were distilled from sodium/benzophenone prior to use. 
Pyridine was distilled from CaH2. Thionyl chloride was distilled under reduced pressure. Zinc 
2,3,9,10,16,17,23,24-octakis(octyloxy)-29H,31H-phthalocyanine was purchased from Aldrich 
and purified by column chromatography (eluent 2 v% MeOH/CHCl3) before use. 
Triethoxy(phenyl)silane (4) was purchased from Aldrich and was distilled prior to use. 2,6-
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Di-t-butylpyridine was purchased from Merck and was purified by column chromatography 
(eluent 0.5 v%MeOH/CHCl3). All other chemicals were used without any further purification. 
Melting points were determined on a Jeneval polarization microscope THMS 600 hot stage 
and are uncorrected. Infrared spectra were recorded on a BioRad FTS-25 spectrometer at 2 
cm−1 resolution. 1H NMR and 13C{1H} NMR spectra were recorded on Bruker WM-200, 
Bruker AM-300, Bruker AM-400, and Bruker AMX-500 instruments. Chemical shifts are 
reported in ppm downfield from internal (CH3)4Si (0.00 ppm). In the case of the 13C spectra, 
the solvent peak was used as a reference (CDCl3: 77.7 ppm).  Abbreviations used are: s = 
singlet, d = doublet, dd = doublet of doublets, m = multiplet, br = broad. EI mass spectra were 
ecorded on a VG-7070E instrument.  r
 
3.7.1.2 Syntheses 
N-4-[3-(1,1,1-Triethoxysilyl)propyl]isonicotinamide (3) 
Isonicotinic acid (0.5 g; 4.1 mmole) was converted into the acid chloride by 
stirring with 10 ml of thionyl chloride at 40ºC for 3 hrs. The product was 
precipitated with 10 ml of hexane and washed three times with 10 ml of 
cold hexane. The white product was suspended in 50 ml of THF, after 
which 0.95 ml (4.1 mmole) of 3-(1,1,1-triethoxysilyl)-1-propanamine in 20 
ml of pyridine was added at room temperature. After five days of stirring, 
the reaction mixture was filtered and evaporated to dryness, yielding a 
yellow oil. Extracting the oil with 50 ml of hexane:chloroform (1:1 v/v) 
yielded a white suspension, which was evaporated to dryness to give a 
colorless liquid. Repeated recrystallizations from hexane yielded compoun
3 in 60% overall yield. Due to its extreme water sensitivity, 3 was stored i
anhydrous ethanol at –20ºC. If possible, analyses were performed under 
nitrogen and within 5 minutes after isolation of 3 from the mother solution. 
1
N
O NH
(EtO) Si3
d 
n 
H-NMR (300 MHz, CDCl3, 20ºC, TMS): δ = 8,.70 (dd, J1 = 4.4 Hz, J2 = 1.8 Hz, 2H, Py-
H2,6); 7.59 (dd, J1 = 4.4 Hz, J2 = 1.8 Hz, 2H, Py-H3,5);  6.71 (s, br, 1H, NH); 3.82 (q,  J = 6.9 
Hz, 6H, OCH2CH3); 3.47 (m, 2H, NHCH2); 1.77 (m, 2H, NHCH2CH2); 1.22 (t, J = 6.9 Hz, 
9H, CH3); 0.72 (t, J = 7.8 Hz, 2H, Si-CH2). 
13 1C{ H}-NMR (75 MHz, CDCl3, 20ºC, TMS): δ = 166.8 (s, 1C, C=O); 153.5 (s, 2C, Py-C2,6);  
141.3 (s, 1C, ipso-Py-C4); 123.9 (s, 2C, Py-C3,5); 61.9 (s, 3C, OCH2); 45.54 (s, 1C, NHCH2); 
26.1 (s, 1C, NHCH2CH2); 21.7 (s, 3C, CH3); 11.4 (s, 1C, Si-CH2). 
mp (ºC): 4 (uncorrected) 
EI-MS: m/z (%) 326 (2.5) [M+]; 297 (13.0) [M–Et]+; 280 (90.0) [M–HOEt]+; 265 (8.4) [M–
OEt–CH3]+; 251 (9.7) [M–OEt–Et]+; 208 (12.3) [M+H–2OEt–Et]+; 189 (11.9) [M–3OEt)]+; 
175 (13.5) [(EtO)3SiC]+; 163 (100.0) [Si(OEt)3]+ or [PyCONH(CH2)3]+; 135 (27.4) [Py-
CONHCH2]+; 123 (28.1) [Py-CONH3]+;  119 (36.4) [HSi(OEt)2]+; 106 (41.0) [Py-CO]+; 78 
(44.1) [Py]+.  
Due to the extreme water sensitivity of 3, no elemental analysis could be obtained. High-
resolution-EI-MS: Found: 326.16619, calculated for C15H26N2O4Si: 326.1662. 
 
Zinc 2,3,9,10,16,17,23,24-octakis(octyloxy)-29H,31H-phthalocyanine (ZnPc) 
UV/Vis spectroscopy: λmax (nm) (CHCl3) = 345 (log ε = 4.87), 385 (4.44), 427 (4.41), 618 
(4.60), 652 (4.67), 682 (5.34). 
+MALDI-TOF: M  = 1603.6 
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3.7.1.3 Oligomers of 3 and 3/4 
Combined EI-MS and MALDI-TOF on oligomers of 3 
Linear m/z      Cyclic m/z 
[Dimer]+: 578      [Trimer]3+: 252 
[Dimer]3+: 193     [Hexamer]3+: 504 
[Trimer]2+: 415     [Octamer]3+: 672 
[Pentamer]2+: 667     [Octamer−OEt]3+: 657 
[Octamer−3OEt]3+: 652    [Pentamer−7OEt]2+: 472 
[Dimer−2OEt]+: 488     [Trimer−2OEt]3+: 222 
[Octamer−OEt]3+: 681     
[Octamer−9OEt]3+: 561 
[Tetramer−OEt]2+: 518 
[Pentamer−7OEt]3+: 341 
[Trimer−2OEt]2+: 369 
 
MALDI-TOF on oligomers of 3/4 
General formula of linear oligomer:  
EtO
Si
O
OEt
Si
O
OEt
Et
NH
O
N
n m  
 
Mass: 166n + 252m + 74 (linear); 166n + 252m (cyclic) 
Notation: C(yclic)/L(inear)[n,m, −xOEt]q+ E.g. C[6,2,3]+ is a cyclic octamer with 6 molecules 
of 4, two molecules of 3 with 3 OEt groups missing at charge 1+. Masses up to three amu 
lower than calculated with the formula are assigned to the corresponding oligomers, allowing 
for the abstraction of hydrogens. 
Mass m/z Possible Oligomer(s) 
812  L[4,2,4]+; L[7,2,1]2+
900  L[4,1,1]+; L[10,4,1]3+; C[15,1,1]3+; C[12,3,1]3+
969  L[10,1,1]2+; L[9,2,3]2+; C[10,2,5]2+; L[11,4,0]3+; C[16,1,0]3+; C[12,4,2]3+
1010  L[8,3,3]2+; L[12,4,1]3+; C[17,1,1]3+; C[13,4,3]3+
1137  L[12,1,1]2+; L[8,4,3]2+; C[13,1,3]2+; L[11,6,0]3+; C[16,3,0]3+
1261  L[11,3,3]2+; C[12,3,5]2+; C[17,4,1]3+
1345  L[13,2,1]2+; L[12,8,1]3+; C[17,5,1]3+; C[16,6,3]3+
1569  L[5,3,2]+; C[18,7,1]3+
1690  L[6,3,3]+; C[10,7,1]2+; L[21,6,1]3+; C[26,3,1]3+
3492  L[13,5,0]+
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3.7.2 Physical characterizations 
3.7.2.1 Atomic Force Microscopy 
A Nanoscope III and a Dimension 3000 atomic force microscope (Digital Instruments, Veeco 
Metrology Group 112 Robin Hill Road, Santa Barbara, Ca 93117), with standard silicon 
nitride tips were used to scan the substrates.  
 
3.7.2.2 Ellipsometry 
Samples were prepared by immersion of a clean ITO plate into a solution of 3 in toluene 
containing a drop of acetic acid to activate the surface. After a fixed period of time, the plate 
was taken out, washed with acetonitrile, and baked in an oven at 120ºC for 10 min. 
Ellipsometry measurements were performed using a Gaertner L117-C single-wavelength 
ellipsometer. 
 
3.7.2.3 LCD manufacture 
LCD cells were prepared according to a procedure described in Chapter 2. 
 
3.7.2.4 Determination of the critical aggregation concentration of ZnPc 
A Lambert-Beer plot of the absorbance intensity of the Q-bands versus the concentration of  
ZnPc in chloroform did not show a deviation from linearity in the concentration range of 26 
nM to 0.23 mM, indicating that aggregation does not occur in this range.  
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Chapter 4 
4.1 Introduction 
4.1.1 Liquid crystal alignment on self-assembled monolayers 
 The results obtained in Chapters 2 and 3 showed that both the alignment layer and its 
interaction with the liquid crystal can be easily controlled using supramolecular 
methodologies, enabling the production of non-contact LCDs with tunable properties. One 
drawback, however, was the inability to further characterize, on a molecular level, the 
interaction the alignment layer has with the first layer of liquid crystalline molecules. 
Although the alignment mechanism in some cases may be dictated by a simple minimization 
of the elastic distortion energy (see Chapters 1 and 2), real-time data on the molecular 
interactions between the alignment layer and the liquid crystal are of much interest. In 
addition, because the alignment surfaces described in the preceding Chapters were not well-
defined on a molecular level, it remained inconclusive whether or not the π-system used in the 
alignment layer directly affected the interactions with the liquid crystal. Studying this 
interaction, without the influence of surface grooves, would require a well-defined monolayer. 
 Organic monolayers have found many applications, for example in molecular 
electronics, sensor fabrication, information storage and protective coating, and also as model 
systems for the study of membranes, biocompatible surfaces, and patternable materials.1 A 
well-studied method for preparing thin organic films is the self-assembly technique. In this 
respect, alkanethiols are the most intensely used and studied compounds. Alkanethiols react 
with several metals that are inert to almost any other reaction1b,2 and their binding affinity to 
especially gold is high, about 40−45 kcal mol−1 (170−190 kJ mol−1),1b,3 which is comparable 
to a covalent bond. Although the nature of the interaction between the gold surface and thiol 
molecules remains a point of debate,4 it has been very elegantly shown, especially by Abbott 
et al., that alkanethiol monolayers adsorbed to a gold surface are capable of inducing uniform 
and stable liquid crystal alignment (Figure 1).5 Furthermore, it was shown that the alignment 
could be fine-tuned by changing the deposition conditions and nature of the thiol.5a The latter 
was varied by using thiols with different alkyl tails. Experiments showed an odd-even-effect 
of the alkyl length on the liquid crystal alignment. When odd-numbered alkyl tails were used, 
the liquid crystal molecules would align parallel to the surface, but perpendicular to the 
direction of the deposition of the gold layer (Figure 1A). In contrast, when even-numbered 
alkyl tails were used, liquid crystal molecules would align parallel to both the surface and 
deposition direction of the gold layer (Figure 1B). When a mixture of the two was used, the 
liquid crystal molecules adopted a homeotropic orientation (Figure 1C). 
Usually, alignment layers based on gold are not suited for application purposes, as 
they are opaque to visible light. Abbott et al were able to overcome this drawback by using 
thin gold sputtered layers of around 100 Å thick.5a Although these layers were capable of 
transmitting incident light, they still displayed a poor maximum transmission, preventing their 
use in industrial manufacture.6 Bastiaansen et al. have recently overcome this problem by 
using an ultra-thin gold layer of 1-100 Å thick, which decreased the light absorption and 
shifted the absorption band of the gold layer into the UV.6 
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Figure 1: Effect of different thiol-containing SAMs on liquid crystal alignment, as described by Abbott et al. A) 
odd-numbered alkylthiols cause alignment perpendicular to the deposition direction of the gold layer (arrows); 
B) even-numbered alkylthiols cause alignment parallel to the deposition direction of the gold layer (arrows); C) a 
mixture of odd- and even-numbered alkylthiols causes homeotropic alignment. The deposition direction of the 
gold layer is indicated by the arrows. Reproduced from reference 5a. 
4.1.2 Aim 
 Self-assembled monolayers (SAMs) on gold have the additional advantage of being 
suited for investigation by scanning tunneling microscopy (STM). If the SAM is well-defined 
and thin enough to allow tunneling of electrons through the layer to the gold surface, and if 
the latter is flat on a molecular level, it is possible to attain molecular resolution with this 
technique.7 In addition, by varying the scan parameters, it might also be possible to 
investigate the orientation of the first layer(s) of the liquid crystalline matrix, i.e. if this layer 
is bound strong enough.  
By using a SAM of the molecules used in Chapter 2, the interactions at a molecular 
level between the alignment layer and liquid crystal molecules might be studied in more 
detail. Unfortunately, to the best of our knowledge, alkoxysiloxanes such as 2 are not known 
to bind to gold or form a SAM on it. Therefore, the synthesis of thiol derivatives of this 
molecule (Chart 1) was required. In this chapter, the (attempted) synthesis of compounds 5 
and 6 (Chart 1) and analogues are described, as well as their SAM forming properties. 
 
O
O
HS
O
N
H
HS
5
6
 
Chart 1 
4.2 Synthesis & Characterization 
4.2.1 Thiol esters 
Thiol 5 could be easily synthesized from naphthyl vinylic acid and 2-thioethanol using 
a standard dicyclohexyl-carbodiimide (DCC) coupling reaction, with N-N’-
dimethylaminopyridine as catalyst (Scheme 1). After column chromatography, 5 was isolated 
as a white solid in 53% yield. 
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Scheme 1 
 
4.2.2 Thiol amides  
Attempts to prepare 6 in an analogous way required the synthesis of 3-
mercaptopropylamine (Scheme 2). Although this synthesis had been reported in the literature, 
the results obtained were ill-reproducible.8 The synthetic path followed here (Scheme 2) 
entailed the treatment of N-(3-bromopropyl)phthalimide with sodium hydrogen sulfide in 
methanol, followed by reaction with hydrazine, as described by Gabriel9 and Manske.10
 
N
O
O Br
HS NH2
1) NaSH, MeOH
2) H2N-NH2.H2O
 
Scheme 2 
 
 After work-up, the procedure yielded an off-white substance, from which 3-
mercaptopropylamine could extracted with acetone using a soxhlet apparatus. 
 Unfortunately, the coupling of 3-mercaptopropylamine to naphthyl vinylic acid, 
similar to that depicted in Scheme 1, proved to be very difficult. Both DCC and acid chloride 
coupling failed to produce compound 6. 1H-NMR of the reaction mixture indicated this was 
probably due to intramolecular Michael-addition of the thiol to the double bond during the 
reaction (Scheme 3), as the vinylic protons had disappeared and the aliphatic region of the 
spectrum now displayed a multitude of multiplets. The thiol is capable of attacking either the 
α- or β-carbon atom of the amide (Scheme 3), resulting in the formation of 7 or 8, 
respectively. 
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Scheme 3 
 
This reaction also occurred between non-coupled 3-mercaptopropylamine in solution 
and the double bond, albeit to a lesser degree because of the applied high dilution conditions. 
The Michael reactions would thus result in the formation of at least four products, of which 
the intramolecular compounds are shown in Scheme 3. Unfortunately, these products could 
not be separated using column chromatography. Although many peaks in the aliphatic region 
of a 1H-NMR spectrum of the mixture overlapped, two signals at lower field than the 
overlapping signals could serve as tell-tale signs of 7 and 8. In the case of 7, the α-proton of 
the amide group (see Scheme 3) would give a complex pattern. In the case of 8, the β-proton 
of the amide (see Scheme 3) would give a pure triplet. The observation of a large triplet at 
4.31 ppm showed the main product to be 8, in which the thiol attacked the carbon in the 
double bond which is closest to the naphthalene moiety. The ratio of 7:8 was determined from 
1H-NMR to be 1:9.2. Calculations at the PM3 level (see Experimental) showed that the 
LUMO character of both carbons of the double bond in 6 is similar (Figure 2a). The lowest 
electron density, however, is located on the β-carbon atom (Figure 2b). In addition, attack of 
the thiol on the β-carbon atom of the double bond entails an added resonance stabilization of 
the reaction intermediate or transition state, as the π-electrons of the double bond migrate 
towards the carbonyl-end of the amide. These three effects favor the β-carbon atom as 
Michael-acceptor over the α-carbon atom.11 In addition, it is known that Michael additions 
between good donors and acceptors can take place at very low temperatures without light.12 
Therefore, the direct synthesis of 6 was not attempted further.  
In comparison, compound 5 did not show Michael addition in solution. The absence of 
intermolecularly coupled side-products is ascribed to the high dilution of the reaction mixture. 
The absence of intramolecularly coupled products can be attributed to the shorter spacer, 
compared with 6, hindering intramolecular attack more in the case of 5 than of 6. In addition, 
the electronic differences between esters and amides might also play a role.11 Thiol 5, once 
isolated, was stable under ambient conditions. 
 
 83
Chapter 4 
 
Figure 2: Calculated electron densities of 6 (PM3). a) Lowest unoccupied molecular orbital (LUMO); b) 
Highest occupied molecular orbital (HOMO). 
 
4.2.3 Protected thiol amides 
4.2.3.1 Acid labile protective groups 
Efforts now focused on the synthesis of a protected thiol, in which the sulfur atom 
would not be available for reactions, e.g. attack on the double bond. Such a thiol could be 
deprotected immediately prior to SAM formation on gold.13 As thiol protecting groups, the 
acetyl group and the trityl group were selected, which can be removed under mildly acidic 
conditions.11 Unfortunately, the protected thiols with amine groups were not commercially 
available. In view of the difficulties in synthesizing 3-mercaptopropylamine, it was decided to 
couple the thioacetic or triphenylmethanethiol group to a phthalic acid protected amine 
(Scheme 4). After synthesis of the doubly protected compound, deprotection of the 
phthalimide group with hydrazine monohydrate should yield the thiol protected amine. 
 
N
O
OBr
R SNa
N
O
ORS
9a R = CPh3
9b R = Ac
H2NNH2.H2O
NH2RS
10a R = CPh3
10b R = Ac  
Scheme 4 
 
The first step did not pose serious problems, with the synthesis of 9a and 9b 
proceeding in yields of 88% and 72%, respectively. The deprotection step, however, proved 
unexpectedly problematic. The reaction of 9a or 9b with hydrazine invariably yielded 
approximately 90% of product and 10% of doubly deprotected thiol amine. These compounds 
could not be separated using column chromatography, as the acidic nature of the silica used in 
the purification entailed deprotection of the thiol on the column. On alumina columns, which 
do not possess the acidic drawback of their silica counterparts, no separation could be 
achieved. Attempts to purify the product by recrystallization or precipitation failed.  
When the mixture of deprotected products was used in the coupling with naphthyl 
vinylic acid using standard peptide coupling reagents, the only products that could be isolated 
from the reaction mixture were the acid-adducts of the coupling reagents. This indicates that 
the amines were not reactive enough to complete the reaction. In the case of the acetyl 
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protected thiol, this diminished reactivity can be explained by the formation of an 
intramolecular hydrogen bond between the amine and the carbonyl group of the thioester.  
When the naphthyl vinylic acid chloride was used in the coupling, the thiol-protecting 
group was split off. This problem could not be resolved by the addition of more base, as 0.8-
20 equivalents of added triethylamine resulted in deprotection of the thiol as well. Due to time 
constraints, this reaction was not pursued any further. 
 
4.2.3.2 Thiol ether protecting groups 
 As the acid labile protecting groups proved too labile for straightforward synthesis, it 
was decided to switch to more robust protecting groups. Thiol ethers have been reported to 
adsorb to gold.14 Therefore, it was hoped that the deprotection step would not have to be 
executed. As thiol protecting groups, the methyl and benzyl groups were selected.  
The methyl-protected 3-(methylthio)-propylamine was commercially available and 
was coupled to naphthyl vinylic acid in a one-step procedure using DCC, yielding 11 in 59% 
yield (Scheme 5). 
O
OH
+
CH2Cl2, RT, N2
N C N
N
O
HN
S
NH2
S
11  
Scheme 5 
 
The benzyl equivalent of 3-(methylthio)propylamine was synthesized by base-
promoted coupling of benzylthiol and n-bromopropylamine. Compound 12 was subsequently 
synthesized by the coupling of 3-benzylsulfanyl-propylamine with naphthyl vinylic acid 
chloride under basic conditions, yielding 12 in a 67% isolated yield (Scheme 6). 
 
O
Cl
+
O
HN
S
NH2
S
12
NH3Br
Br
SH
NaOH
NEt3, THF
 
Scheme 6 
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FTIR showed that the hydrogen bond in the solid state was stronger in 12 than in 11. 
In addition, the NH stretch vibration was much sharper for 12 than for 11, indicating a better 
defined hydrogen bond. Furthermore, the difference between the Amide−I and –II peaks was 
112 and 91 cm−1 for 11 and 12, respectively, also indicating stronger hydrogen bonding in the 
latter. Fortunately, we were able to grow single crystals of 12, suitable for X-Ray Diffraction. 
The crystal structure of 12 clearly showed a hydrogen bonding array, with slip-stacked 
aromatic moieties (Figure 3). There is some disorder present in the propyl spacer of the 
molecule, with two distinct conformations in the unit cell. The resulting R-value is therefore 
expectedly high: 10.67. Unfortunately, we were unable to obtain crystals of 11, suitable for X-
ray Diffraction. 
 
 
Figure 3: X-Ray structure of 12. Hydrogen atoms, except the amide protons, are omitted for clarity. Hydrogen 
bonds are represented by a dotted line. The disorder in the propyl spacer is represented by hashed bonds. 
4.3 SAM Formation And Characterization 
SAMs of 5, 11 and 12 were formed by immersing a gold-sputtered glass substrate into 
an ethanolic solution (5 mM) of the molecule for 15 minutes, after which the plate was dried 
under ambient conditions. In the case of 5 and 12, no well-defined monolayers were observed 
by STM. Varying the STM parameters did not increase the image resolution, suggesting that 
these molecules did not form a SAM on gold. In the case of 5, this could be explained by the 
absence of a hydrogen bonding network.15 Also the relative short length of the molecule could 
play a role, as in the case of alkanethiols an ordered SAM is only formed for certain tail 
lengths.5a,16 In the case of 12, the adsorption of an asymmetric molecule could entail a low 
packing density, favoring SAM dissociation.14 Reflection Fourier-Transform Infra-Red 
experiments on the gold substrates clearly showed the presence of 5 on parts of the gold 
substrate. The broadness of the IR-absorptions, however, was comparable to that in solid 
state, indicating the formation of an ill-defined (mono)layer. Compound 12 was not detected 
on the substrates with FTIR, indicating it did not adsorb to the surface. 
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Only in the case of 11, some surface ordering was observed by STM (Figure 4). 
Although the resolution was quite poor, 11 clearly followed the atomic steps present on the 
gold surface (at angles of 120º, see lines). Reflection FTIR clearly indicated the presence of 
11 on the gold surface. The broadness of the amide- and NH-absorptions, however, was 
comparable to that in solid state, indicating the formation of an ill-defined (mono)layer. 
 
 
Figure 4: STM micrographs of: a) a gold-sputtered surface, Vbias = −250 mV and Itunnel = 1 pA; b) a SAM of 11 
on gold, Vbias = –198 mV and Itunnel = 11 pA. The lines are a guide to the eye and indicate the steps in the gold 
surface. Bars are 20 nm. 
 
The deprotection of 12 with Pd/H2, which should have resulted in the formation of 6, 
once again produced the Michael-adducts 7 and 8. In addition, performing the deprotection in 
the presence of a gold substrate resulted only in the formation of 7 and 8, indicating that the 
Michael reaction was faster than the surface adsorption.  
The disappointing STM results, coupled with the encountered synthetic difficulties 
prompted the discontinuation of this line of research. 
4.4 Concluding Remarks 
 The aim of the research described in this Chapter was the synthesis of thiol-derivatives 
of 2, which could be used to form a self-assembled monolayer on gold. Such a highly ordered 
system might be capable of inducing liquid crystal alignment. By imaging this system with 
STM, the molecular interactions between the alignment layer and the liquid crystal molecules 
above it could in principle be studied in great detail. The synthesis of the thiol-functionalized 
derivatives of 2 was not so straightforward as it initially seemed. Although thiol 5, containing 
an ester bond, could be easily synthesized, preparing a compound containing an amide bond 
as well as a thiol group proved exceedingly difficult. The incorporation of the free thiol 
entailed the immediate Michael attack on the aromatic system, destroying the extended 
aromatic structure and the thiol.  
Using an acid labile group to protect the thiol up to the point of surface attachment 
also proved difficult, as the protective groups were either unwillingly removed during 
synthesis, or hindered further product formation. The synthesis of thiol analogues of 2, 
protected by robust groups, was successful. This entailed the surface attachment of thiol 
ethers in stead of free thiols. Using STM, it was observed that 5 and 12 did not form SAMs on 
gold. Only 11 was observed by STM to give a very low degree of surface ordering. 
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4.5 Experimental 
4.5.1 Synthesis & characterization 
4.5.1.1 General 
Unless stated otherwise, all reactions were carried out under Schlenk conditions in a nitrogen 
atmosphere. Toluene and THF were distilled from sodium/benzophenone prior to use. 
Dichloromethane was distilled from CaH2. Silica 60 from ACROS was used for column 
chromatography and Merck Silica Gel F254 plates for thin layer chromatography. Chloroform 
and methanol for column chromatography were distilled prior to use. All other chemicals 
were used without any further purification. Infrared spectra were recorded on a BioRad FTS-
25 spectrometer at a resolution of 2 cm−1. 1H NMR and 13C{1H} NMR spectra were recorded 
on Bruker WM-200 and Bruker AM-300 instruments. Chemical shifts are reported in ppm 
downfield from internal (CH3)4Si (0.00 ppm) in the case of 1H NMR spectra in CDCl3. In the 
case of the 13C spectra, the solvent peak was used as a reference (CDCl3: 77.7 ppm).  
Abbreviations used are: s = singlet, d = doublet, dd = doublet of doublets, m = multiplet, br = 
broad. EI mass spectra were recorded on a VG-7070E instrument. Elemental analyses were 
determined with a Carlo Erba Ea 1108 instrument. 
 
4.5.1.2 Syntheses 
2-Sulfanylethyl (E)-3-(2-naphthyl)-2-propenoate (5) 
To a solution of 0.50 g (2.6 mmole) of 2-naphthylvinylic acid and 0.16 g (2.0 
mmole) of 2-thioethanol in 200 ml of dichloromethane was added 0.52 g (2.6 
mmole) of dicyclohexyl-carbodiimide and a catalytic amount of N-N’-
dimethylaminopyridine. After stirring for 15 hrs, the reaction mixture was 
filtered and evaporated to dryness, yielding a yellow solid. The product (Rf  = 
0.16) was purified by column chromatography (eluent 1% methanol in 
chloroform), and was isolated as a white solid in a yield of 53%. 
1H-NMR (300 MHz, CDCl3, 20ºC, TMS): δ = 7.97 (s, br, 1H, Np-H), 7.90-
7.75 (m, 4H, Np-H), 7.67 (dd, J1 = 8.6 Hz, J2 = 1.7 Hz, 1H, HC=CHCO), 
7.54-7.51 (m, 2H, Np-H), 6.86 (d, J = 15,9 Hz, 1H, HC=CHCO), 3.87 
(pseudo-quartet, J1 = 5.8 Hz, J2 = 6.0 Hz, J3 = 11.9 Hz, H2C-SH), 3.26 (t, J = 
6.1 Hz, 2H, OCH2), 2.06 (t, J = 6.0 Hz, 1H, SH). 
13C{1H}-NMR (50 MHz, CDCl3, 20ºC, TMS): δ = 191 (s, 1C, CO), 142 (s, 
1C, Np-C=C), 138 (s, 1C, ipso-C), 136 (s, 1C, ipso-C), 130 and 128.5 (s, 1C, 
Np-C), 128.2 (s, 1C, ipso-C), 127.9, 127.1, 126.8 and 125.4 (s, 1C, Np-C), 122 (s, 1C, Np-
C=C), 118 (s, 1C, Np-C), 68 (s, 1C, OCH2), 21 (s, 1C, H2CSH). 
O
O
HS
IR (KBr): ν~  (cm−1) = 2930, 2848, 1744, 1659, 1613, 1048, 974, 735. 
EI-MS: m/z (%) 258 (100) [M+], 225 (29) [M+−SH], 211 (12) [M+−CH2SH], 198 (80) 
[M+−CH2CH2SH], 181 (35) [M+−OCH2CH2SH], 152 (39) [Np-C=C+], 126 (89) [Np+], 77 
(45) [HS-CH2-CH2-O+]. 
Elemental analysis: Calculated for C15H14O2S: C (69.74), H (5.46). Found: C (69.68), H 
(5.90). 
 
3-Mercaptopropylamine HS
H2N
Sodium hydrogen sulfide (0.1 mole) was prepared by dissolving 2.3 g (0.1 mole) of 
sodium in 200 ml of methanol, after which dihydrogen sulfide was passed through t
solution until the pH had risen to above 8.0. After purging the solution with nitro
25 g (0.09 mole) of N-(3-bromopropyl)phthalimide was added and the mixture w
refluxed for 15 hrs. The reaction mixture was poured into 200 ml of boiling water
after which a yellow oil separated. This oil was refluxed in 80 ml methanol 
containing 4.9 g (5 ml) of hydrazine monohydrate for 4 hrs. The resulting suspension
he 
gen, 
as 
, 
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was filtered to remove phthalohydrazide and concentrated under reduced pressure. The 
resulting sticky yellow substance was extracted with acetone in a soxhlet procedure to yield 3-
as 
re 
n 
. 
-
mercaptopropylamine in a yield of 23% (based on NMR analysis).  
1H-NMR (200 MHz, CDCl3, 20ºC, TMS): δ = 3.06 (br, 2H, NH2), 3.02 (m, 2H, HS-CH2), 
.86 (m, 2H, H2N-CH2), 1.58 (t, J = 6.1 Hz, 1H, SH), 1.54 (m, 2H, CH2-CH2-CH2). 2
 
N-(3-Mercapto-propyl)-3-naphthalen-2-yl-acrylamide (6) 
The synthesis of compound 6 was attempted according to the same procedures as described 
for compounds 1b, 2 and 5, using 200 ml solvent. Both reactions yielded a yellow solid, 
which was shown by 2D-TLC (eluents 1% methanol/chloroform − hexane/ethyl acetate 1:1 
v/v) to contain at least six compounds, which could not be separated by column 
chromatography. With the help of 1H- and 13C- NMR, compounds 7 and 8 (see main text) 
were identified. 
Partial 1H-NMR (200 MHz, CDCl3, 20ºC, TMS): δ = 4.32 (t, J = 8.6 Hz, 1H, β-H of 8), 3.94 
m, 1H, α-H of 7). (
 
2-(3-Tritylsulfanyl-propyl)-isoindole-1,3-dione (9a) 
A solution of 2.0 g (7.4 mmole) of triphenylmethanethiol in 20 ml 
of THF was added dropwise to 0.296 g of NaH (7.4 mmole, 60% 
NaH in hexane) in 20 ml of THF at 0ºC. After the mixture had 
become clear and the evolution of hydrogen gas had subsided, 2.0 g 
(7.4 mmole) of N-(3-bromopropyl)-phtalimide in 40 ml of THF w
added dropwise to the mixture at 0ºC. After 30 min., the mixtu
was filtered and the filtrate evaporated to dryness. Recrystallizatio
from THF/hexane yielded 9a as a white solid in 88% isolated yield
1 NO O
S
H-NMR (300 MHz, CDCl3, 20ºC, TMS): δ = 7.85-7.76 (m, 2H, 
Ph-H), 7.72-7.65 (m, 2H, Ph-H), 7.38-7.32 (m, 6H, CPh3-H), 7.23-
7.17 (m, 6H, CPh3-H), 7.13-7.06 (m, 3H, CPh3-H), 3.57 (t, J = 6.9 
Hz, 2H, N-CH2), 2.18 (t, J = 7.2 Hz, 2H, S-CH2), 1.69 (m, 2H, CH2
CH2-CH2). 
 
Thioacetic acid 3-(1,3-dioxo-1,3-dihydro-isoindol-2-yl)-propyl ester (9b) 
A solution of 3.0 g (11.1 mmole) of N-(3-bromopropyl)-phthalimide and 
1.28 g (11.1 mmole) of potassium thioacetate in 100 ml of THF with a 
catalytic amount of potassium iodide was heated to reflux. After 15 hrs, the 
mixture was filtered and the filtrate was evaporated to dryness. The product 
was purified by column chromatography (eluent 1% methanol in 
chloroform), yielding 9b as a white solid in 72% isolated yield. 
1
N
O O
S
O
H-NMR (300 MHz, CDCl3, 20ºC, TMS): δ = 7.97-7.88 (m, 2H, Ph-H), 
7.85-7.77 (m, 2H, Ph-H), 3.95 (t, J = 6.6 Hz, 2H, N-CH2), 3.53 (t, J = 6.6 
Hz, 2H, S-CH2), 2.37 (m, 2H, CH2-CH2-CH2), 1.54 (s, 3H, CH3). 
 
3-Tritylsulfanyl-propylamine (10a) and thioacetic acid S-(3-amino-propyl) ester (10b) 
Both 9a and 9b were deprotected using the procedure described for 3-mercaptopropylamine. 
From 1H-NMR, it was concluded that both protective groups had been cleaved in 10% yield. 
The thiol-protecting groups were found to be labile during column chromatography due to the 
acidic nature of the silica. Attempts to recrystallize the products failed. The synthesis of 10a 
and 10b was not attempted further. 
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N-[3-(methylsulfanyl)propyl]-(E)-3-(2-naphthyl)-2-propenamide (11) 
A solution of 0.56 g (2.9 mmole) of naphthyl vinylic acid in 50 ml of 
dichloromethane was added dropwise to a solution containing 0.25 g of 3-
(methylthio)propaneamine (2.4 mmole), 0.59 g (2.9 mmole) of dicyclohexyl-
carbodiimide and a catalytic amount of N-N’-dimethylaminopyridine in 20 ml 
of dichloromethane. After 1 h, the mixture was filtered and the filtrate 
evaporated to dryness. The product (Rf = 0.16) was purified by column 
chromatography (eluent 1% methanol in chloroform), and was isolated as an 
off-white solid in a yield of 59%. 
O
NH
S
1H-NMR (300 MHz, CDCl3, 20ºC, TMS): δ = 7.86 (s, br, 1H, Np-H), 7.82-7.74 
(m, 4H, Np-H), 7.62 (dd, J1 = 8.6 Hz, J2 = 1.9 Hz, 1H, HC-CHCO), 7.50-7.42 
(m, 2H, Np-H), 6.56 (d, J = 15.6 Hz, 1H, CHCO), 6.34 (t, br, J = 5.5 Hz, NH), 
3.52 (q, J1 = 12.8 Hz, J2 = 6.8 Hz, 2H, NH-CH2), 2.58 (t, J = 7.1 Hz, 2H, 
CH2S), 2.10 (s, 3H, CH3), 1.90 (m, 2H, CH2-CH2-CH2). 
13C{1H}-NMR (75 MHz, CDCl3, 20ºC, TMS): δ = 167 (s, 1C, CO), 142 (C=C-
CO), 134.5, 134.0 and 133 (s, 1C, ipso-C), 129.9, 129.2, 129.0,128, 127.5, 
127.2 and 124 (Np-C), 122 (s, 1C, C=C-CO), 40 (s, 1C, NH-CH2), 32 (s, 1C, S-
CH2), 29 (s, 1C, CH2-CH2-CH2), 16 (s, 1C, CH3). 
IR (KBr): ν~  (cm−1) = 3283(NH), 1647 (Amide-I), 1535 (Amide-II). 
Elemental analysis: Calculated for C17H19NOS: C (71.54) H (6.71) N (4.91). Found: C 
(71.86), H (6.92), N (5.10). 
 
3-Benzylsulfanyl-propylamine H2N
S
To a stirred solution of 5 ml (40 mmole) of benzylthiol, 3.8 g (83 mmole) of sodium 
hydroxide was added. When the base had dissolved, 8.8 g (40 mmole) of n-
bromopropylamine hydrobromide was added, after which the mixture was refluxed 
for 2 hrs. Extraction with water/chloroform, followed by drying over MgSO4 and 
removal of the solvent under reduced pressure yielded a yellow oil. Fractional 
distillation under reduced pressure yielded the product as a colorless liquid, b.p. 
110ºC (1.9 mm Hg) which was used without further characterization. 
 
N-[3-(benzylsulfanyl)propyl]-(E)-3-(2-naphthyl)-2-propenamide (12) 
A solution of 0.54 g (2.5 mmole) of naphthyl vinylic acid chloride in 
20 ml of THF was added dropwise to a solution of 0.46 g (2.5 mmole) 
of 3-benzylsulfanyl-propylamine and 1 ml of triethylamine in 20 ml 
of THF at 0ºC. After stirring the solution for 1 h, the mixture was 
filtered to remove triethylammonium chloride. The filtrate was 
evaporated to dryness, yielding a slightly yellow solid. The product 
was purified by column chromatography (eluent 1.5 % methanol in 
chloroform), yielding 12 in a 67% overall yield. 
1H-NMR (300 MHz, CDCl3, 20ºC, TMS): δ =7.86-7.72 (m, 5H, Np-
H), 7.61 (dd, J1 = 8.6 Hz, J2 = 1.6 Hz, 1H, Np-CH=CH), 7.49-7.43 
(m, 2H, Np-H), 7.31-7.14 (m, 5H, Ph-H), 6.46 (d, J = 15.7 Hz, 1H, 
Np-HC=CH), 6.07 (t, br, J = 5.8 Hz, 1H, NH), 3.69 (s, 2H, S-CH2-
Ph), 3.46 (q, J1 = 12.9 Hz, J2 = 6.5 Hz, 2H, NH-CH2), 2.48 (t, J = 7.3 
Hz, 2H, S-CH2-CH2), 1.85 (m, 2H, CH2-CH2-CH2). 
13C{1H}-NMR (50 MHz, CDCl3, 20ºC, TMS): δ = 166 (s, 1C, CO), 
142 (s, 1C, Np-HC=CH), 140 and 135 (s, 1C, ipso-Np), 134 (s, 1C, 
ipso-Ph), 133 (s, 1C, ipso-Np), 130 (s, 1C, Np-C), 129.6 (s, 1C, Ph-C), 129.5 (s, 1C, Np-C), 
129.2 (s, 2C, Np-C and Ph-C), 129.0 and 128.8 (s, 1C, Ph-C), 128.3 (s, 1C, Np-C), 127.7 (s, 
O
HN
S
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1C, Np-C), 127.5 (s, 1C, Ph-C), 127.2 (s, 1C, Np-C), 124 (s, 1C, Np-HC=CH), 122 (s, 1C, 
Np-C), 39 (s, 1C, NH-CH2), 37 (s, 1C, S-CH2-Ph), 29 (s, 1C, S-CH2-CH2), 22 (s, 1C, CH2-
CH2-CH2). 
IR (KBr): ν~  (cm−1) = 3198 (NH), 1638 (Amide-I), 1547 (Amide-II). 
EI-MS: m/z (%) 361 (2) [M+]; 270 (52) [M+−Ph-CH2]; 181 (100) [M+−Ph-CH2S-(CH2)3NH]; 
152 (32) [Np-HC=CH+]; 127 (5) [Np+]; 91 (31) [Ph-CH2+]. 
Elemental analysis: Calculated for C23H23NOS: C (76.42), H (6.41), N (3.87). Found: C 
(76.18), H (6.18), N (3.99). 
 
4.5.2 Physical characterizations 
4.5.2.1 Scanning Tunneling Microscopy 
STM images were obtained with a beetle-type, home-built STM. 
Scan parameters: Figure 4a: Vbias = −250 mV and Itunnel = 1 pA; Figure 4b: Vbias = –198 mV 
and Itunnel = 11 pA. 
 
4.5.2.2 X-Ray Diffraction data for 12 
Crystals of 12 suitable for X-ray diffraction studies were obtained from chloroform by slow 
evaporation of the solvent. A single crystal was mounted in air on a glass fiber. Intensity data 
were collected at −65ºC. A Nonius KappaCCD single-crystal diffractometer was used, Mo-Kα 
radiation, ϕ and ω scan mode. Unit cell dimensions were determined from the angular setting 
of 12545 reflections. Intensity data were corrected for Lorentz and polarization effects. The 
structure was solved by the program DIRDIF17 using the PATTY option and was refined with 
standard methods (refinement against F2 of all reflections with SHELXL97 18) with 
anisotropic parameters for the non-hydrogen atoms. All hydrogens were placed at calculated 
positions and were refined riding on the parent atoms. 
A summary of the structure determination is given in Table 1. 
 
Table 1: Structure determination details of 12. 
Empirical formula C23H23NOS 
Crystal size (mm) 0.24 x 0.22 x 0.09 
Formula weight 361.48 
T (K) 208(2) 
Crystal system Monoclinic 
Space group P21/b11
a (Å) 4.9597(8) 
b (Ǻ) 9.1655(12) 
c (Ǻ) 41.993(10) 
α (º) 92.595(17) 
β (º) 90 
γ (º) 90 
V (Ǻ3) 1907.0(6) 
ρcalcd (g cm−3) 1.259 
Z 4 
Diffractometer (scan) Nonius Kappa CCD (area detector ϕ and ω scan)
Radiation Mo-Kα (graphite mon.) 
Wavelength (Ǻ) 0.71073 
F(000) 768 
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θ range (º) 3.40 − 27.48 
Index ranges 
 
−6<=h<=5 
−9<=k<=11 
−53<=l<=54 
Reflections collected [R(int)] 12545 [0.0791] 
Unique reflections 3267 
Reflections observed (Io>2σ(Io)) 1988 
Goodness-of-fit on F2 1.187 
R (Io>2σ(Io))  [ωR2] 0.1067 [0.1797] 
ωR2 (all data) 0.2025 
ρfin (max/min) e Ǻ −3 0.232 / −0.282 
 
4.5.2.3 Calculations / Molecular modeling 
Calculations were performed with the program CSMOPAC in Chem3D Ultra 7.0® 
(CambridgeSoft.com, 1001 Cambridge Park Drive, Cambrige, MA, 02140-2317, U.S.A.). The 
semi-empirical Parameter Model 3 (PM3)19 was used as force field. 
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 Towards Enzyme Detection 
with LCDs 
Chapter 5 
5.1 Introduction 
5.1.1 Liquid crystal based detection of biomolecules 
 Whether driven by a populist fear of bioterrorism or by the necessity to screen large 
ranges of pathogens, the need and budgets for fast and reliable detection of biomolecules is 
ever increasing. In most cases, the detection mechanism for biomolecules is based on 
measuring the binding of a ligand to a receptor (e.g. antibodies to antigens).1 Current methods 
employed to detect this binding generally require intricate techniques using laboratory-based 
apparatus or procedures in bulk solution that involve species labeled with radio-active 
isotopes, fluorophores or latex beads.1 These procedures are not only time consuming, but 
also labor intensive and difficult to perform on-site. In addition, as the concentrations 
involved are invariably around nanomolars, the signal arising from the interaction between 
ligand and receptor (e.g. fluorescence) has to be amplified by physical means (e.g. a 
photomultiplier tube). 
 From photoalignment on azobenzene systems, it was known that one single cis-trans 
isomerization of a single azobenzene on a surface could lead to the reorientation of over 
10000 liquid crystal molecules.2 Although the volume swept out by the isomerization is much 
smaller than the combined volume of the affected mesogens, the strong interactions between 
liquid crystal molecules effected the amplification of this tiny change in molecular order. The 
group of Abbott very elegantly extended this principle into the world of biodetection, with the 
liquid crystal molecules amplifying a change in molecular make-up of an alignment layer 
upon ligand-receptor binding.3 By covering a gold-sputtered surface with an alkanethiol SAM 
containing biotin molecules, they were able to show the binding of streptavidin (SAv), avidin 
(Av) and immunoglobulin G (IgG) (Figure 1). The binding of the proteins to the biotinylated 
surface caused the reorientation of 105−106 mesogens per interaction. When used in a twisted-
nematic LCD, the binding of Av to a patterned biotinylated surface caused the untwisting of 
the cell, which was visible with the naked eye (Figure 1b-c).3a 
 
 
Figure 1: a) Schematic representation of the binding of SAv and IgG to a biotinylated gold surface; b) Twisted-
nematic LCD with one patterned biotinylated gold surface viewed between parallel polarizers; c) Twisted-
nematic LCD with one patterned biotinylated gold surface after interaction with Av viewed between parallel 
polarizers. Reproduced from reference 3a. 
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Although the binding of proteins to surfaces had now been brought into the realm of 
the naked eye, studying enzymatic reactions on an alignment surface, to the best of our 
knowledge, has not been reported. Therefore, in this Chapter, the feasibility of using liquid 
crystals to show the presence of an enzyme on an alignment surface, or the occurrence of 
enzymatic reactions, will be explored. 
 
5.1.2 Surface-linked enzymes: CAL B 
  The surface attachment of proteins has been used in biochemistry for decades and has 
found applications in materials such as electronic devices, sensors and fuel cells.4 Many 
coupling methods can be used to covalently attach biomolecules onto a surface. If the 
molecule contains a free thiol, however, the method of choice is usually the reaction of the 
thiol with a surface-linked maleimide (Scheme 1).5  
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Scheme 1 
  
One of such biomolecules is the enzyme Candida antarctica (CAL B, EC 3.1.1.3, 
triacylglycerol hydrolase).6 In aqueous solutions, this 33 kDa lipase catalyzes the hydrolysis 
of esters. Conversely, in anhydrous organic solvents the enzyme catalyzes the esterification 
reaction.7 Because it retains an extensive hydration shell, CAL B is stable even in various 
organic solvents and at high temperatures, e.g. toluene at 80ºC, making it very suitable for 
chemical modification. The native enzyme has a disulfide bridge, which is exposed to the 
surface and is on the side of the enzyme, that is opposite to the active site (Figure 2a). By 
reducing the disulfide bridge with dithiotreitol (DTT), free thiols for maleimide coupling are 
introduced (Figure 2b). 
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Figure 2: a) Schematic representation of CAL B. Arrow 1 denotes the disulfide bridge, arrow 2 the active site; 
b) reduction of the disulfide bridge with DTT. 
 
5.1.3 Aim 
 We envisaged three methods of studying enzymatic reactions on a surface, using 
liquid crystals. In these experiments, the proof-of-principle was decided to be the first 
priority. Therefore, measurements such as the determination of the anchoring energy and 
analyses such as AFM, ellipsometry and MALDI were not performed. 
 The first method entailed the construction of an alignment layer functionalized with a 
substrate for CAL B. By letting the enzyme react with the alignment layer, it was envisaged 
that it might hydrolyze the molecules constituting this layer, thus affecting the alignment 
quality of liquid crystal cells constructed from this layer. As substrate, siloxane 14 was chosen 
(Chart 1). Upon hydrolysis, the alignment layer should show a dramatic change in polarity, 
going from a benzyl ester to an acid group, which should affect the liquid crystal alignment. 
The second method entailed the covalent linking of the enzyme itself to the alignment 
layer. In order to achieve this, an alignment layer functionalized with maleimide groups was 
envisaged. By adding a substrate to the liquid crystal in a liquid crystal cell made from such 
enzyme-containing alignment plates, the substrate conversion might be made visible through 
either of two processes. First, the liquid crystal could amplify the conformational changes of 
the enzyme during the catalytic cycle. Second, the product which is formed in the enzymatic 
reaction could disrupt the liquid crystalline matrix. As maleimide linker, siloxanes 15 and 16 
(Chart 1) were chosen.  
The third method envisaged the use of a liquid crystal which could also serve as a 
substrate for CAL B. In this respect, the partial hydrolysis of the liquid crystal in a 
conventional twisted-nematic LCD should affect the alignment quality. Compound 17 (Chart 
1) was chosen as liquid crystal. It has a melting point of 25.9ºC and an nematic-isotropic 
transition at 33.4ºC,8 which is near the optimum temperature for the enzyme. 
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5.2 Synthesis 
 The synthesis of siloxane 14 was achieved by the DCC coupling of silyl-
functionalized acid 13 and benzyl alcohol (Scheme 2). The acid was easily obtained in a 
quantitative, solventless, one-step procedure, in which maleic acid anhydride was reacted with 
γ-triethoxysilylpropaneamine (APTES) (Scheme 2). Compound 14 could be isolated by 
recrystallization from hexane as a white solid, which was stable towards ambient conditions. 
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Surprisingly, siloxane 15 could be synthesized by the neat reaction of APTES and ε-
maleimidocaproic acid (Scheme 3). As the product was likely to be sensitive to water, which 
was in this case the by-product of the amidation reaction, a vacuum of 0.9 mm Hg was 
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applied to remove it as soon as possible. By extraction of the reaction mixture with hexane, 15 
could be isolated as an opaque solid in a 52% yield. Compound 15 was indeed found to be 
sensitive to water, as it oligomerized upon exposure to air. 
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 Siloxane 16 could in principle be produced by performing a ring-closing reaction on 
compound 13. Unfortunately, the dehydration step proved difficult, as attempted ring closure 
with DCC/DMAPa, EDCa and BOPa or PyBOPa with HOBta failed.9 Finally, refluxing 13 in 
dichloromethane in the presence of a stoichiometric amount of zinc(II) bromide and an two-
fold excess of hexamethyldisilazane resulted in the formation of the desired product (Scheme 
4). Siloxane 16 could be isolated by recrystallization from hexane, yielding a white solid in 
72% yield. 
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 Mesogen 17 could be easily synthesized by the coupling of 4-pentyl-benzoic acid 
chloride and 4-pentylphenol in the presence of triethylamine (Scheme 5). The product was 
isolated by recrystallization from methanol and was obtained as a white solid in a 94% yield. 
                                                 
a DCC: dicyclohexylcarbodiimide; DMAP: N-N’-dimethylaminopyridine; EDC: 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide; BOP: (benzotriazol-1-yloxy)tris(dimethylamino)phosphonium 
hexafluorophosphate; PyBOP: (benzotriazol-1-yloxy)tris(pyrrolidino)phosphonium hexafluorophosphate; HOBt: 
N-hydroxybenzotriazole. 
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The compound displayed the following phase transitions: C 26 N 35 I, which is similar to 
those reported in the literature.8,10 
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Scheme 5 
 
5.3 Substrate-Containing Alignment Layer 
 Compound 14 was used in the construction of an alignment layer, using the same 
procedure described in Chapters 2 and 3. When ITO plates coated with 14 in a concentration 
range of 0.5−8 w% in toluene were used to construct liquid crystal cells, using a non-rubbed 
polyimide plate as counter plate, polarizing microscopy showed that none of the samples was 
capable of inducing liquid crystal alignment. The oligomerization rate of the compound, 
determined by 1H-NMR, was found to be in the order of hours. In Chapters 2 and 3, it was 
found that the ratio of surface grafting and oligomerization was crucial for the formation of 
grooves. Therefore, it was concluded that the rate of oligomerization in this case was too slow 
to produce an alignment surface. 
 Two solutions to this problem were attempted: First, as the rate of oligomerization of 
13 was observed by 1H-NMR to be higher than that of 14, it was attempted to create an 
alignment layer from 13 alone, after which DCC coupling of benzyl alcohol would give the 
substrate alignment layer. Second, in Chapter 3, it was shown that the oligomerization 
kinetics could be controlled by adding a co-monomer to the siloxane, although in that case the 
addition of a siloxane with slower oligomerization kinetics was required. In the case of 14, the 
situation is reversed: the addition of a monomer with a higher oligomerization rate is needed, 
in order to increase the rate of oligomer formation. 
 When only 13 was used in the construction of an alignment layer in a concentration 
range of 0.5-5 w%, the surfaces became opaque, with the surface roughness being visible to 
the naked eye. SEM showed the presence of globular structures on the surface with a large 
size distribution (Figure 3), indicating a polymerization process of the siloxanes into silicon 
microspheres. The generation of similar structures has been observed before, albeit of much 
more ordered form.11 Further experiments showed that surface features similar to that in 
Figure 3 persisted with variation of the reaction conditions. Varying the concentration of 13 
from 0.25 to 8.0 w%, combined with increasing the temperature to 60ºC was to no avail.  
In some of these cases reported in the literature, microspheres were produced from the 
controlled condensation of tetraethoxysilane and APTES in the presence of a surfactant, with 
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water playing a crucial role in the formation of the microspheres.11a,c Therefore, it was 
decided to forego the drop of acetic acid in the production of the alignment layer and to 
perform the reaction under anhydrous conditions. Unfortunately, surface features similar to 
those depicted in Figure 3 persisted. These results prompted us to abandon this method. 
 
 
Figure 3: SEM micrographs of alignment layers from 13. a) characteristic overview of the layer; b) single 
agglomerate of microspheres. Bars are 1 µm. 
  
 For the second method, the oligomerization rate of the system was increased by adding 
γ-aminopropyltriethoxysilane (APTES) to 14. APTES oligomerizes under ambient conditions 
in minutes, first resulting in the formation of a phase resembling a sol-gel, followed by the 
formation of a solid. Mixtures in a molar ration of 14:APTES of 9:1, 5:1 and 2:1 were used in 
the formation of alignment layers, with the total siloxane concentration being varied between 
1 and 5 w% in steps of 1 w%. Although no discernable surface ordering was observed by 
SEM, polarizing microscopy on liquid crystal cells from these surfaces clearly showed 
alignment being induced in the case of the surfaces prepared with a molar ratio of 9:1. A total 
siloxane concentration of 3 w% gave the best results, with uniform ordering of liquid crystals 
stretching over domains of several millimeters (Figure 4). 
 
 
Figure 4: Polarization microscopic images of a liquid crystal cell prepared using an alignment layer of 
14:APTES (see text). a) Polarizers at 0º; b) Polarizers at 90º. Images are 2.4 x 1.6 mm. 
 These aligning surfaces were covered with a solution of 0.3 mM CAL B in a 20 mM 
phosphate buffer of pH 8.0, and allowed to stand over night in ambient conditions, after 
which they were rinsed with water, iso-propanol and acetone and dried with a nitrogen flow. 
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When these plates were used in the construction of a liquid crystal cell, polarizing microscopy 
showed that the plates now contained areas of circa 100 µm, in which the liquid crystal 
alignment had been disturbed (Figure 5). This tentatively indicated that the enzyme had partly 
converted the alignment layer. Blank experiments, in which a substrate-containing plate was 
incubated for 15 hours with a drop of 20 mM phosphate buffer of pH 8.0, showed that a liquid 
crystal cell from this plate contained non-aligning parts of only 10 µm, ruling out background 
hydrolysis. Unfortunately, real-time measurements of the reaction of the enzyme with the 
surface proved to be very difficult. When a drop of the enzyme in buffer solution was dried on 
the substrate-containing alignment surface, a liquid crystal cell from this surface showed 
extensive dewetting, disturbing the liquid crystal alignment. This was attributed to the 
retaining of water by the enzyme-buffer mixture, as the enzyme itself on a surface did not 
retain enough water to hinder liquid crystal alignment (vide infra). The combined results, 
however, suggest that the enzyme is indeed active on the surface and is capable of directly 
affecting the alignment layer by hydrolyzing it. As such, these substrate-containing alignment 
surfaces could, for example, be used to detect the presence of lipases, in particular CAL B in a 
buffer mixture. 
 
 
Figure 5: Polarizing micrograph of a liquid crystal cell with a substrate-containing alignment layer, after 
exposure to CAL B. Image is 600 x 400 µm, polarizers at 45º. 
5.4 Surface-linked CAL B 
 When compound 15 and 16 were used in the construction of an alignment layer, no 
functional structures were formed by using the pure compounds. The oligomerization rate of 
both compounds was determined by 1H-NMR to be in the same order of that of 3 (Chapter 3). 
It was therefore decided to follow a similar approach: the dilution of the faster oligomerizing 
siloxane with a slower one. Similar to 3, by using a mixture of 15 or 16 and the unreactive 
phenyl-triethoxysilane (4) to slow oligomer formation, a functional alignment layer could be 
constructed by using a molar ratio of 15:4 or 16:4 of 1:9 and a total siloxane concentration of 
0.6-1.0 w% (see Figure 6, only an alignment layer of 15 and 4 is shown).  
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Figure 6: Polarizing micrograph of a liquid crystal cell prepared using an alignment layer of 15 and 4 in a 1:9 
molar ratio and a total siloxane concentration of 0.8 w%. Image is 600 x 400 µm, polarizers at 45º. 
 
 ITO plates covered with this maleimide-functionalized alignment layer were incubated 
with a drop of a 0.3 mM solution of DTT-activated CAL B5b in a 20 mM phosphate buffer of 
pH 8.0 over night. After removal of the drop, extensive rinsing with de-ionized water showed 
that the part which was covered with the enzyme solution retained water better, indicating that 
the surface had become more hydrophilic. In order to prove the binding of active CAL B to 
the surface, the plates were placed in a solution containing DiFMU-octanoate, a substrate 
which becomes fluorescent upon hydrolysis, 5b,12 after which the fluorescence emission of the 
solution at 455 nm was measured after 4 hours (Table 1). The results showed that the plates 
with maleimide-bound enzymes exhibited a higher conversion of the substrate than 
maleimide-functionalized plates without enzyme. In addition, physisorbed enzyme on bare 
ITO showed a lower conversion after rinsing with de-ionized water. Unfortunately, when 
unactivated enzyme was used in the incubation step with the alignment layer, even after 
extensive rinsing for 2 days, the fluorescence yield after 4 hours was 90% of that of plates 
incubated with activated CAL B. This indicated that physisorbed CAL B was not so easily 
rinsed off the hydrophobic surface, which had been observed before.13 Therefore, it could not 
be concluded that covalently linked enzymes − if any − were still active on the surface. 
 
Table 1: Fluorescence yields of functionalized ITO plates after 4 hrs 
Layer forming conditions Maximum Fluorescence / A.U.a
15:4 ≡ 1:9, 0.8 w% with activated CAL Bb 746 
16:4 ≡ 1:9, 0.8 w% with activated CAL Bb 734 
15:4 ≡ 1:9, 0.8 w% with unactivated CAL Bc 670 
16:4 ≡ 1:9, 0.8 w% with unactivated CAL Bc 658 
15:4 ≡ 1:9, 0.8 w% without CAL Bb 155 
16:4 ≡ 1:9, 0.8 w% without CAL Bb 143 
CAL B on bare ITOb 345 
a Measured at 455 nm 
b After rinsing with de-ionized water for 15 min. 
c After rinsing with de-ionized water for 2 days 
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To counter this problem, the layer formation was repeated using a hydrophilic co-
monomer, APTES, in the deposition step. Using a molar ratio of 15:APTES or 16:APTES of 
1:9 in a total siloxane concentration of 1.0 w%, hydrophilic alignment layers functionalized 
with maleimides could be prepared. Liquid crystal cells from these alignment layers showed 
aligned mesogenic domains stretching over several millimeters (Figure 7), which were 
alternated by non-aligned domains exhibiting a normal nematic texture. 
  
 
Figure 7: Polarization micrograph of a liquid crystal cell prepared using an alignment layer of 15:APTES, molar 
ratio 1:9, total siloxane concentration 1.0 w%. Polarizers at 45º, image is 2.4 x 1.6 mm. 
 
These layers were reacted with CAL B as described earlier, after which they were 
exposed to a DiFMU-octanoate solution. Fluorescence experiments now clearly showed the 
presence of active, covalently linked CAL B on the ITO surfaces (Table 2). When unactivated 
enzyme was used in the incubation, rinsing with de-ionized water for 15 minutes showed a 
drop in activity to the background level, which indicated that the DTT-activated enzyme was 
not only covalently bound to the maleimide alignment layer, but also still functional. 
 
Table 2: Fluorescence yields of functionalized ITO plates after 4 hrs 
Layer forming conditions Maximum Fluorescence / A.U.a
15:APTES ≡ 1:9, 1.0 w% activated CAL B 527 
16:APTES ≡ 1:9, 1.0 w% activated CAL B 502 
15:APTES ≡ 1:9, 1.0 w% unactivated CAL B 135 
16:APTES ≡ 1:9, 1.0 w% unactivated CAL B 153 
15:APTES ≡ 1:9, 1.0 w% without CAL B 145 
16:APTES ≡ 1:9, 1.0 w% without CAL B 129 
a Measured at 455 nm, after rinsing plates with de-ionized water for 15 min 
 
These enzyme-functionalized alignment layers were used in the construction of liquid 
crystal cells, using a non-rubbed polyimide plate as counter plate. Polarizing microscopy 
showed that, in most cases, the enzyme did not disturb the liquid crystal alignment, as 
polarizing microscopy showed domains of aligned liquid crystal stretching for millimeters, 
alternated by nematic domains (Figure 8a). Sometimes, however, the cells would display 
massive dewetting (Figure 8b), as observed before. 
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Figure 8: Polarizing micrographs of liquid crystal cells prepared using an alignment layer of 15:APTES, molar 
ratio 1:9, total siloxane concentration 1.0 w%, after exposure to activated CAL B. Polarizers at 45º. a) Image is 
2.4 x 1.6 mm; b) Image is 600 x 400 µm. 
 
As substrates, ethylacetate and DiFMU-octanoate were chosen. Solutions of these 
compounds in a concentration of 4 µM were pulled into the liquid crystal cells via capillary 
force. Unfortunately, the liquid crystal texture of the cells showed no change. Fluorescence 
experiments, however, confirmed that the enzyme is capable of hydrolyzing DiFMU-
octanoate when dissolved in 5CB. Therefore, these combined results indicate that either the 
conformational changes induced during the catalytic cycle are not large enough, or that the 
products formed during the enzymatic reaction are not capable of disrupting the liquid 
crystalline matrix. 
5.5 Liquid Crystal As Substrate 
 Mesogen 17 was used as the liquid crystal in a twisted-nematic LCD constructed from 
conventionally rubbed polyimide plates. As the enzyme would require a steady supply of 
water to hydrolyze the huge excess of mesogen, a solution of 0.3 mM of CAL B in a 20 mM 
phosphate buffer of pH 8.0 was introduced at the 6 µm gap between the plates, after which the 
plates were incubated at 30º for several days. In this set-up, hydrolysis − if any − would occur 
at the interface. Polarizing microscopy showed the growth of a crystalline phase at the liquid 
crystal-buffer interface with time (Figure 9), which might be attributed to the crystallization 
of the constituent acid and alcohol of the liquid crystal. This effect could, however, be 
attributed to the simple crystallization of the liquid crystal itself, which had been observed in 
literature before at these temperatures.8,10 Finally, separate NMR experiments showed that 
CAL B was not capable of hydrolyzing compound 17. This prompted the discontinuation of 
this research. 
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Figure 9: Polarization micrographs of the water-liquid crystal interface of a conventional TN-LCD with 17 as 
mesogen and a drop of CAL B on the interface. The liquid crystal cell is depicted in the right-hand half of the 
images. a) t = 0; b) t = 3 hrs.; c) t = 24 hrs.; d) t = 48 hrs. Images are 2.4 x 1.6 mm, polarizers at 90º. 
5.6 Concluding Remarks 
 This Chapter aimed at a short and simple exploration of the possibility of using liquid 
crystals to show the presence of an enzyme on an alignment surface, or the occurrence of 
enzymatic reactions, concentrating on the potential problems arising from this technique. 
Three methods were investigated, which all showed several drawbacks.  
 When the substrate for the enzyme was incorporated into the alignment layer, initial 
experiments indicated that the enzyme was capable of partly hydrolyzing the layer, affecting 
its liquid crystal alignment capabilities. When the enzyme itself was covalently attached to the 
alignment layer, experiments indicated the necessity of an overall hydrophilic alignment 
layer, as the enzyme was strongly physisorbed to a hydrophobic one. Fluorescence 
experiments showed that the enzyme was covalently bound and still active on the surface. 
Unfortunately, the detection of the enzymatic reaction inside the liquid crystal medium failed 
for both methods. In the case of the substrate-containing alignment layer, massive dewetting 
was visible, whereas for the covalently bound enzymes, almost no dewetting was observed. 
This striking difference could be attributed to the phosphate buffer-enzyme mixture together 
with the enzyme in the former system, which evidently retained more water than just the 
enzyme itself. The use of a liquid crystal which could also serve as substrate for CAL B also 
failed, as the enzyme was not capable of hydrolyzing the bulky molecule. Because of these 
results, research in this direction was not continued. 
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5.7 Outlook: Applications 
In this paragraph, we will discuss what the requirements for the next generation of 
biosensors are and we will speculate whether or not biosensors based on liquid crystalline 
materials can face up to the task set for them. 
Out of the three methods examined in this Chapter, only one (in which a bioreaction 
was allowed to happen on the alignment layer prior to LCD manufacture) showed promise for 
the further development of a sensor device. However, the requirement of additional process 
steps after the biorecognition event, i.e. the construction of the display, comprises a large 
obstacle towards large scale application of this technology. The simplest solution would be to 
allow the bioreaction to occur inside the liquid crystalline medium. We have seen some 
practical problems of this approach, such as dewetting phenomena. But more importantly, the 
compatibility of a bioreaction, which requires an aqueous phase, and a liquid crystal medium 
is questionable. One elegant solution to this problem was recently reported by Abbott et al.14 
They described the self-assembly of phospholipids at planar interfaces between liquid crystals 
and an aqueous phase, which gave rise to patterned orientations of the liquid crystalline 
compound, that could be influenced by changing the spatial and temporal organization of the 
phospholipids molecules (Figure 10). The basis for this system is a layer of 5CB, 20 
micrometers thick, which is deposited onto a silane-covered glass slide. The interactions 
between the silane and the liquid crystal cause a homeotropic alignment of the mesogens near 
the surface. When this system is immersed into an aqueous solution, the upper layers of liquid 
crystalline molecules adopt a planar conformation (Figure 10A). When a solution containing 
phospholipid-based vesicles is injected into the aqueous layer, the former self-assemble on the 
mesogen-water interface. This causes the alignment of the upper layer of mesogens to change 
from planar to homeotropic (Figures 10B,C), which elicits a visual response from the display. 
  
 
Figure 10: Optical images and cartoons showing the change in optical texture and liquid crystal alignment in: A) 
a mixed mesogen-aqueous display; B) Idem, during the injection of phospholipid vesicles; C) Idem, after the 
formation of a phospholipid monolayer on the mesogen-water interface. Optical images are between crossed 
polarizers, bar = 300 µm. Reproduced from reference 14. 
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By using an arrangement in which a capture molecule (e.g. an antibody) is bound to 
the phospholipid monolayer in between the mesogens and water, it may become possible to 
allow the bioreaction or recognition to occur in an aqueous medium, whilst the binding event 
causes a change in optical texture of the display. 
This potentially interesting system, however, has to cope with a fundamental problem 
plaguing all biosensors, namely response time in relation to the sensitivity of the measuring 
technique. Although the thermodynamics of antibody-antigen binding undoubtedly are in 
favor of supramolecular complex formation (with equilibrium constants approaching 1015 
M−1, resembling a covalent bond1), the kinetics comprise a retarding factor for the response 
times. For instance, the association rate constant, ka, for an ideal antibody-antigen system is 
approximately 109 l mol−1 s−1.1 This number is based on the assumption that all collisions 
between antibodies and antigens in solution result in complex formation: consequently, 
measured rate constants up to a factor of 10.000 lower than this number have been reported.1 
This implies that even if an entire surface of a sensor device is covered with binding sites, 
only a very small fraction will contain antibody-antigen complexes after short reaction times 
(1 second − 1 hour). Therefore, the measuring technique has to be exceedingly sensitive to 
give reliable results on ever faster time scales. With these practical response times in mind, as 
few as 1000 binding events per mm2 would have to result in signal generation. Current 
techniques are approaching this limit. For example, surface plasmon resonance1 shows a 
sensitivity of 107 events per mm2, and the ELISA technique1 even goes down to 105 events 
per mm2. Whether or not liquid crystal based biosensors can live up to this task, remains to be 
seen. So far, insufficient reproducible data has been published in the literature to provide a 
limit for the sensitivity of liquid crystal based biosensors. 
Another problem associated with biosensors is specificity. Will a device, capable of 
detecting a pure substance, perform equally well when exposed to a complex mixture, such as 
blood or serum? As future standards of detection require a sensitivity of 1000 binding events 
per mm2, the occurrence of binding of every other signal generating molecule in a complex 
mixture has to be much smaller than this number. 
One definite advantage of liquid crystal based biosensors is that they comprise a label-
free technique. A large fraction of current biosensors relies on the use of labels to either 
directly show the presence of an analyte (e.g. by altering the fluorescence emission of the 
label), or to provide evidence of the interaction between the analyte and the label giving rise 
to some other process in the system (e.g. the inactivation of a cofactor in the label upon 
analyte binding influencing an enzymatic reaction in the system). 
In conclusion, although the idea of using liquid crystals as a molecular magnifying 
glass to amplify biorecognition and bioreactions into the realm of the naked eye is very 
elegant, a brief examination of the requirements for large scale industrial applicability 
unequivocally shows that the concept still requires several additional technological 
breakthroughs in order to progress from a purely academic exercise to industrial viability. As 
such, in the opinion of the author, liquid crystal based biosensors would have the highest 
viability in the fast, label-free detection of biomolecules in non-complex mixtures. 
5.8 Experimental 
5.8.1 Synthesis & characterization 
5.8.1.1 General 
Unless stated otherwise, all reactions were carried out under Schlenk conditions in a nitrogen 
atmosphere.  Hexane and toluene were distilled from sodium/benzophenone. Chloroform and 
dichloromethane were distilled from CaCl2. Thionyl chloride was distilled under reduced 
pressure. All other chemicals were used without any further purification. 1H NMR and 
13C{1H} NMR spectra were recorded on Bruker WM-200, Bruker AM-300 and Bruker AM-
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400 instruments. In the case of 1H NMR spectra in CDCl3, chemical shifts are reported in ppm 
downfield from internal (CH3)4Si (0.00 ppm). In the case of the 13C spectra, the solvent peak 
was used as a reference (CDCl3: 77.7 ppm).  Abbreviations used are: s = singlet, d = doublet, 
dd = doublet of doublets, m = multiplet, br = broad. Phase transitions were determined on a 
Jeneval polarization microscope THMS 600 hot stage and are uncorrected. Infrared spectra 
were recorded on a BioRad FTS-25 spectrometer at a resolution of 2 cm−1. EI mass spectra 
were recorded on a VG-7070E instrument.  
 
5.8.1.2 Syntheses 
(E)-4-Oxo-4-{[3-(1,1,1-triethoxysilyl)propyl]amino}-2-butenoic acid (13) HO
NH
Si(OEt)3
O
O
To a cooled amount of 1.1 ml (4.6 mmole) of γ-triethoxysilylpropylamine was 
added 0.45 g (4.6 mmole) of maleic anhydride. The solventless synthesis was 
initiated by scratching the surface of one of the pellets of maleic anhydride, w
was followed by a vigorous reaction which took only seconds. The solid white 
product was formed in quantitative yield and was used without further 
purification. The product was found to oligomerize in ambient conditions within 
30 minutes. 
hich 
1H-NMR (300 MHz, CDCl3, 20ºC, TMS): δ = 8.34 (br, 1H, OH), 6.46 (d, J = 
12.9 Hz, 1H, HN(CO)CH), 6.26 (d, J = 12.8 Hz, 1H, HCCOOH), 3.78 (q, J = 7.1 
Hz, 6H, OCH2CH3), 3.33 (m, 2H, HNCH2), 1.70 (m, 2H, CH2-CH2-CH2), 1.19 (t, 
J = 7.1 Hz, 9H, CH3), 0.63 (m, 2H, Si-CH2). 
13C{1H}-NMR (50 MHz, CDCl3, 20ºC, TMS): δ = 167.2 (s, 1C, COOH), 166.7 (s, 1C, 
(CO)NH), 136 (s, 1C, HN(CO)CH), 133 (s, 1C, HCCOOH), 59 (s, 3C, OCH2CH3), 43 (s, 1C, 
HNCH2), 23 (s, 1C, CH2-CH2-CH2), 19 (s, 3C, CH3), 8 (s, 1C, Si-CH2). 
IR (KBr): ν~  (cm−1) = 3319(NH), 3059 (OH), 1753 (COOH-stretch), 1662 (Amide-I), 1535 
(Amide-II). 
 
Benzyl (E)-4-oxo-4-{[3-(1,1,1-triethoxysilyl)propyl]amino}-2-butenoate (14) 
A solution of 1.47 g (4.6 mmole) of 13 in 10 ml of chloroform was added 
dropwise to a solution of 0.5 g (4.6 mmole) of benzyl alcohol and 0.95 g (4.6 
mmole) of DCC in 20 ml of chloroform, with an added catalytic amount of N-
N’-dimethylaminopyridine. After stirring for 1 h, the mixture was filtered and 
the solvent removed under vacuum. Repeated recrystallization from hexane 
yielded compound 14 as a white solid in a yield of 62%. 
Si(OEt)3
NH
O
O
O1H-NMR (300 MHz, CDCl3, 20ºC, TMS): δ = 7.82-7.76 (m, 2H, m-Ph-H), 
7.21-7.12 (m, 2H, o-Ph-H), 6.72 (m, 1H, p-Ph-H), 6.52 (d, J = 12.9 Hz, 1H, 
HN(CO)CH), 6.36 (d, J = 12.8 Hz, 1H, HCCOCH2), 5.92 (br, 1H, NH), 5.18 
(br, 2H, CH2-Ph), 3.82 (q, J = 7.1 Hz, 6H, OCH2CH3), 3.39 (m, 2H, HNCH2), 
1.71 (m, 2H, CH2-CH2-CH2), 1.19 (t, J = 7.1 Hz, 9H, CH3), 0.63 (m, 2H, Si-
CH2). 
13C{1H}-NMR (75 MHz, CDCl3, 20ºC, TMS): δ = 168 (s, 1C, NH(CO)), 167 
(s, 1C, (CO)CH2), 139 (s, 1C, ipso-Ph-C), 138 (s, 1C, HN(CO)CH), 137 and 
136 (s, 2C, Ph-C), 135 (s, 1C, HCCOOH), 130 (s, 1C, Ph-C), 67 (s, 1C, CH2-
Ph), 58 (s, 3C, OCH2CH3), 46 (s, 1C, HNCH2), 23 (s, 1C, CH2-CH2-CH2), 20 
(s, 3C, CH3), 8 (s, 1C, Si-CH2). 
IR (KBr): ν~  (cm−1) = 3325(NH), 1658 (Amide-I), 1542 (Amide-II). 
 
N1-[3-(1,1,1-Triethoxysilyl)propyl]-6-(2,5-dihydro-1H-2,5-pyrroledione)hexanamide (15) 
To an amount of 50 mg (0.24 mmole) of ε-maleimido-caproic acid was added 52.4 mg (56 ml, 
0.24 mmole) of γ-triethoxysilylpropylamine. After the acid had dissolved in the amine, the 
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mixture was placed under vacuum (0.9 mm Hg) for 4 hrs. After purging with 
nitrogen, the product was isolated by repeated recrystallization from hexane, 
yielding 15 as an opaque solid in a yield of 52%. 
1
NH
Si(OEt)3
O
N
O
O
5
H-NMR (400 MHz, CDCl3, 20ºC, TMS): δ = 6.71 (s, 2H, HC=CH), 3.67 (
J = 7.0 Hz, 6H, OCH
q, 
. 
3 ), 
, 
2-CH3), 3.50 (t, br, J = 7.3 Hz, NCH2), 3.38 (br, 1H, 
NH), 3.38 (m, 2H, NHCH2), 2.29 (t, J = 7.4 Hz, 2H, H2C-(CO)NH), 1.69-
1.55 (m, 6H, N-CH2-CH2-CH2-CH2-CH2 and Si-CH2-CH2). 1.33 (m, 2H, N-
(CH2)2-CH2-(CH2)2), 1.21 (t, J = 7.0 Hz, 9H, CH3), 0.68 (m, br, 2H, Si-CH2)
13C{1H}-NMR (100 MHz, CDCl , 20ºC, TMS): δ = 175 (s, 1C, (CO)NH
163 (s, 2C, (CO)N), 135 (s, 2C, HC=CH), 58 (s, 3C, OCH2-CH3), 46 (s, 1C
NCH2), 38 (s, 1C, (CO)NHCH2), 34 (s, 1C, H2C-(CO)-NH), 29, 28, 27 and 
26 (s, 1C, NCH2-(CH2)3-CH2) and Si-CH2-CH2), 19 (s, 3C, CH3), 8 (s, 1C, 
Si-CH2). 
IR (KBr): ν~  (cm−1) = 3290(NH), 1643 (Amide-I), 1547 (Amide-II). 
EI-MS: m/z (%) 414 (4) [M ], 369 (11) [M −OEt], 251 (28) [M −Si(O
+ +
 + + + Et)3], 203 (100) 
+
tion-
e (16) 
, 
 HC=CH), 
+ +
-
 acid in 10 ml of toluene was treated with 
 
2C, Ph-C), 
[M −(EtO)3Si-(CH2)3], 108 (56) [Maleimide-CH2 ], 96 (83) [Maleimide ]. 
Due to the water sensitivity of 15, no elemental analysis could be obtained. High-resolu
EI-MS: Found: 414.21858, calculated for C19H34N2O6Si: 414.2186. 
 
-[3-(1,1,1-triethoxysilyl)propyl]-2,5-dihydro-1H-2,5-pyrroledion1
To a solution of 1.47 g (4.6 mmole) of 13 in 20 ml of chloroform were 
f 
(EtO)3Si
N
O O
added 1.65 g (4.6 mmole) of zinc(II) bromide and 1.51 g (9.2 mmole) o
hexamethyldisilazane, after which the mixture was refluxed for 7 hrs. 
After removal of the solvent under vacuum, the product could be 
isolated by repeated recrystallizations from hexane, yielding a white 
solid in a yield of 72%. 
1H-NMR (300 MHz, CDCl3, 20ºC, TMS): δ = 8,12 (s, 2H, HC=CH), 
3.70 (q, J = 7.1 Hz, 6H, OCH2-CH3), 3.55 (t, J = 7.2 Hz, 2H, N-CH2), 
1.73 (m, 2H, CH2-CH2-CH2), 1.23 (t, J = 7.0 Hz, 9H, CH3), 0.72 (m, 2H Si-CH2). 
13C{1H}-NMR (50 MHz, CDCl3, 20ºC, TMS): δ =  165 (s, 2C, (CO)N), 135 (s, 2C,
58 (s, 3C, OCH2-CH3), 49 (s, 1C, NCH2), 26 (s, 1C, CH2-CH2-CH2), 19 (s, 3C, CH3), 9 (s, 1C, 
Si-CH2). 
EI-MS: m/z (%) 301 (4) [M+], 211 (21) [M+−2OEt], 138 (100) [M+−Si(OEt)3], 108 (42) 
[Maleimide-CH2 ], 96 (65) [Maleimide ]. 
Due to the water sensitivity of 16, no elemental analysis could be obtained. High-resolution
EI-MS: Found: 301.13462, calculated for C13H23NO5Si: 301.1346. 
 
-Pentyl-benzoic acid 4-pentyl-phenyl ester (17) 4
A solution of 0.5 g (2.6 mmole) of 4-pentyl-benzoic
2 ml of thionyl chloride for 2 hrs at 90ºC, after which low-boiling materials were removed 
under vacuum. The white solid was redissolved in 10 ml of toluene and added dropwise to a 
cooled solution of 0.42 g (2.6 mmole) of 4-pentylphenol and 0.4 ml of triethylamine in 20 ml
of toluene. After stirring for 1 h, the mixture was filtered and the solvent was removed under 
vacuum. Compound 17 was obtained by recrystallization from hexane and was isolated as a 
white solid in 94% yield. 
1H-NMR (300 MHz, CDCl3, 20ºC, TMS): δ = 8.08-8.04 (m, 2H, Ph-H), 7.26-7.23 (m, 2H, 
Ph-H), 7.19-7.16 (m, 2H, Ph-H), 7.08-7.05 (m, 2H, Ph-H), 2.68-2.56 (m, 4H, α-CH2 )1.68-
1.56 (m, 4H, β-CH2), 1.42-1.25 (m, 8H, γ-δ-CH2), 0.89 (t, J = 6.6 Hz, 6H, CH3). 
13C{1H}-NMR (75 MHz, CDCl3, 20ºC, TMS): δ =  166 (s, 1C, CO), 150 (s, 1C, ipso-C), 149 
(2, 1C, ipso-C), 141 (s, 1C, ipso-C), 131 (s, 2C, Ph-C), 130 (s, 2C, Ph-C), 129 (s, 
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128 (s, 1C, ipso-C), 122 (s, 2C, Ph-C), 37 and 36 (s, 1C, a-CH2), 32.3 and 32.2 (s, 1C, b-
CH2), 32.0 and 31.6 (s, 1C, g-CH2), 23.4 and 23.3 (s, 1C, d-CH2), 14.89 and 14.86 (s, 1C, 
CH3). 
Phase transitions (ºC): C 26 N 35 I 
 
5.8.2 Physical characterizations 
5.8.2.1 General 
 on a Perkin Elmer luminescence spectrometer LS50B 
hermostated cuvet holder (T = 25ºC). Samples were purged with argon to 
lignment surfaces were constructed by immersing an ozone-cleaned ITO plate into a 
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 One-Step DNA Deposition  
as Alignment Layer 
Chapter 6 
6.1 Introduction 
6.1.1 Sensing DNA with liquid crystals 
The detection of DNA and its hybridization is still a growing and important field of 
research. Current techniques for the analysis of DNA employ a range of strategies, 
encompassing both surface and solution chemistry and are capable of detecting nucleotides of 
varying sizes using a host of methods.1 These methods, including e.g. electrochemistry, 
optical trapping of functionalized beads and fluorescence, involve the use of lab-based 
equipment and complex operations in processing the samples. Therefore, the need for simple 
techniques for the detection of DNA and its interactions, which can be performed on-site, is 
ever more increasing. 
Liquid crystals were shown to behave as excellent “molecular magnifying glasses”, 
amplifying e.g. protein-receptor binding so that these nano-events become visible to the naked 
eye (see also Paragraph 5.1).2 The use of liquid crystals in biodetection has now been shown 
to extend also into the field of DNA sensing. Very recently, a device based on liquid crystal 
technology was patented by Abbott et al., which could amplify the hybridization of single 
stranded DNA to double-stranded DNA into the realm of the naked eye (Figure 1).3 The 
device consisted of two gold-sputtered plates, one of which was used to induce liquid crystal 
alignment by the adsorption of alkanethiols (Figure 1a).4 The counter plate was covered with 
thiol-capped single-stranded DNA. When these plates were used in the construction of an 
LCD, liquid crystal alignment was observed to be induced by the alkanethiol-functionalized 
plate (Figure 1b). When the DNA-functionalized plate was incubated with a mixture 
containing single-stranded DNA which was complementary to the ones on the surface, 
recombination to double-stranded DNA occurred on the surface. This entailed the loss of 
liquid crystal alignment when this plate was used in an LCD, overruling the order induced by 
the alkanethiol plate (Figure 1c). This device therefore provided a crude, but simple 
recognition of target-DNA. 
 
 
Figure 1: a) Schematic operation of an LCD-based DNA sensor (see text); b) optical micrograph of an LCD in 
a) before incubation with the complimentary DNA strand; c) optical micrograph of an LCD in a) after incubation 
with the complimentary DNA strand. Image size and polarizer settings unknown. b) and c) are reproduced from 
reference 10. 
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6.1.2 Ordered DNA surfaces 
The parallel, in-plane alignment of DNA molecules on a surface was first achieved by 
Bensimon et al. in 1994.1d In a technique dubbed “molecular combing”, the C-terminus of a 
chromosomal fragment was covalently linked to a vinyl-functionalized surface, after which a 
receding air-water interface (a moving counter plate) provided the shear force for aligning the 
fragment.1d,5 In other examples, the shear force was induced by mechanically moving a DNA-
containing droplet over the surface using a pipette.6 One of the most spectacular results was 
obtained by Nakao et al.7 Their method entailed the spreading of a buffered DNA-solution 
over glass cover slides containing spin-coated polymers with large aromatic side chains, such 
as poly(phenazasiline) (PPhenaz), poly(vinylbutyral) (pvB) and poly(vinylcarbazole) (PVCz), 
after which the droplet was sucked up by a pipette, inducing directional anisotropy.7  The 
DNA used in their experiments had been reacted with an intercalating agent which is also 
fluorescent. This so-called staining enabled the facile detection of the DNA with the 
fluorescence microscope. Both AFM and fluorescence microscopy showed uniform alignment 
of DNA along the central path of the drop (Figure 2). In this case, the interaction between 
surface and DNA was mainly provided by π-π-interactions, as the extended aromatic 
functional groups of the polymer intercalated in between the base pairs, creating a zipper 
effect.  
 
 
Figure 2: a) AFM micrograph of shear-aligned DNA on a PPhenaz surface; b) Idem, on a PVCz surface. Bars 
are 1 µm; c) Fluorescence micrograph of shear-aligned stained DNA on a pvB surface; d) Idem, on a PVCz 
surface. Arrows indicate the flow direction. Bars are 20 µm. Reproduced from reference 7. 
 
Since the first reporting of “molecular combing”, a whole range of similar methods for 
aligning DNA molecules on a surface has been reported, which comprise shear-alignment of 
DNA on different surfaces, e.g. non-functionalized silane surfaces8 and polylysine.9 In 
addition, some new techniques have also been developed, e.g. the synthesis of aligned DNA 
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fragments on a Si(111) surface,10 and the alignment of DNA on templates generated via dip-
pen nanolithography.11 Furthermore, the first applications of these patterned DNA surfaces 
have also been reported, in which an ordered DNA surface was used to bind other 
(bio)molecules, resulting in the formation of ordered, functional surfaces containing e.g. 
nanoparticles12 and carbon nanotubes.13 One of the most elegant examples showing the 
principle of analysis using patterned DNA surfaces was already reported by Yokota et al. in 
1997 (Figure 3).14 A glass slide was covered with γ-aminopropyltriethoxysilane (APTES) in 
the vapor phase, resulting in the formation of a monolayer. The slide was then coated with 
DNA, and activated with paraformaldehyde in order to covalently bind the biomolecule to the 
slide (Figure 3a). Fluorescence microscopic images showed the DNA aligned along the 
direction of pulling (Figure 3b). Most interestingly, when the DNA was exposed to a 
restriction enzyme, fluorescence microscopy clearly showed that it had been broken up into 
fragments (Figure 3c). As the DNA could now be analyzed without the need for the 
polymerase chain reaction, this technique showed enormous potential in both medical and 
forensic analysis. 
 
 
Figure 3: a) Procedure for the alignment of DNA on an APTES slide and reaction thereof with restriction 
enzymes; b) Fluorescence micrograph of aligned, stained DNA on an APTES slide; c) Fluorescence micrographs 
of stained DNA on an APTES slide after reaction with a restriction enzyme. Bars are 10 µm, images reproduced 
from reference 14. 
6.1.3 Aim 
 Although the use of ordered DNA surfaces has shown to be of enormous potential as 
analytical tool, usually a multistep process is required to construct an ordered DNA surface, 
and the methods still require fluorescence spectroscopy or AFM as detection techniques. In 
addition, in some cases, liquid crystal alignment had to be induced by the counter plate of the 
LCD and the procedure entailed the synthesis of biomolecules which could chemosorb onto 
the alignment layer.3
In order to overcome these drawbacks, we envisaged the deposition of a buffered 
DNA solution on a conventional unrubbed polyimide surface. Similar to Nakao’s results,7 the 
π-π-interactions between the DNA and the aromatic moieties of the polyimide should provide 
sufficient anchoring for the attachment of DNA, after which a shear flow would create an 
alignment surface by stretching the DNA. These ordered surfaces could then be used in liquid 
crystal cells in which the DNA surface itself would be the alignment layer. As such, any 
changes to or reactions on the DNA in the alignment layer would in turn change the alignment 
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of the liquid crystal, which would be tantamount to the elimination of e.g. AFM or 
fluorescence in the analysis of DNA samples. 
In addition, the use of DNA as chiral dopant to a liquid crystal cell was also 
investigated. It has long been known that the addition of chiral dopants to liquid crystals can 
induce different chiral phases and can change the output colors of corresponding LCDs.15 As 
such, the chirality present in DNA might produce similar effects. More interestingly, changes 
in the chirality of the DNA, e.g. induced by interactions with enzymes, might influence the 
texture of the liquid crystal. 
6.2 Buffer Alignment layers 
Before the deposition of a buffered DNA solution onto unrubbed polyimide could be 
investigated, first the effects of an anisotropically dried buffer solution on liquid crystal 
alignment were checked. As buffer solutions, TE (Tris-EDTA, Chart 1), urea and phosphate 
of pH 7.6 were used. As blank, a solution of sodium chloride was tested. 
 
N
N
O
HO
HO
O
O
HO
OH
O
NH2
OH
HO
OH
Tris EDTA  
Chart 1 
 
 Anisotropically dried layers were made by blowing a drop of buffer up and down a 
polyimide plate with a nitrogen flow at room temperature until the drop had dried. 
When a plate of anisotropically dried phosphate buffer or sodium chloride was used in 
the construction of a liquid crystal cell with a conventionally spin-coated polyimide plate as 
counter plate and 5CB as liquid crystal, polarizing microscopy showed that these plates were 
not capable of inducing liquid crystal alignment (Figure 4). 
 
 
Figure 4: Polarizing micrographs of liquid crystal cells constructed from anisotropically dried solutions. a) 
phosphate buffer at pH 7.6; b) sodium chloride. Images are 600 x 400 µm, polarizers at 45º. 
 
However, when a liquid crystal cell was made with a polyimide plate containing a 
directionally dried drop of TE buffer, polarizing microscopy showed that about 80% of the 
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surface of the alignment layer was capable of inducing liquid crystal alignment (Figure 5a). 
The droplet was directionally dried from left to right on the bottom half of Figure 5a. Aligned 
liquid crystal domains were visible as elongated structures. In addition, the boundary with 
unaligned liquid crystal exhibiting a normal nematic phase was clearly visible. Atomic Force 
Microscopy confirmed that the drying of the buffer resulted in the formation of a directionally 
ordered surface (Figure 5b). In addition, polarizing microscopic images showed that the 
alignment direction of the liquid crystal in the cell was determined solely by the direction of 
the nitrogen flow during drying: The direction in which the liquid crystal was drawn into the 
liquid crystal cell was found not to influence the final direction of the alignment.  
 
 
Figure 5: a) Polarizing microscopic image of a liquid crystal cell with a TE-buffer alignment layer. Image is 1.5 
x 1.0 mm, polarizers at 45º.  b) AFM micrograph of the alignment layer of a). Image is 3 x 3 µm. 
 
Although the resulting surface was not as ordered as surfaces used in conventional 
LCDs (see Chapter 1),16 the interaction between the surface and liquid crystal was high 
enough to cause visible alignment of the liquid crystal in the parallel cell. However, when a 
TE-covered plate was used in the construction of a twisted-nematic (TN) liquid crystal cell, 
using a rubbed polyimide as counter plate with the rubbing direction at 90º with respect to the 
blowing direction, polarizing microscopy showed a maximum transmittance when both 
polarizers were parallel with the rubbing direction (Figure 6). Therefore, the directional order 
on the TE-covered plate was not able to overcome the order dictated by the rubbed polyimide 
plate. This implied that the anchoring energy between the TE layer and the liquid crystal was 
much smaller than that of the rubbed polyimide plate, which was measured to be 1.5 x 10−5 
Jm−2.16a  
 
Figure 6: Digital photographs of a twisted-nematic LCD with a directionally dried TE-covered plate and a 
polyimide counter plate between: a) crossed polarizers; b) parallel polarizers. Images are 1.0 x 0.8 cm. 
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As parallel cells made from the directional drying of solutions of sodium chloride or 
phosphate buffer did not show any liquid crystal aligning capability (vide supra), the results 
obtained for the TE-buffer could not be explained simply by the formation of 
(micro)crystalline domains on the surface due to the crystallization of the buffer at higher 
concentrations. For a drying TE-buffer, a developing network of hydrogen bonds can be 
expected to arise. Hence, as all hydrogen bonds are directional, the formation of a hydrogen 
bond network stretching over several millimeters may explain the liquid crystal alignment 
capabilities of the TE-covered plates. In order to obtain more information on the underlying 
mechanism of the formation of the alignment layer, Fourier-Transform Infra-Red (FTIR) 
spectroscopy studies were carried out. Upon directional drying of a drop of TE-buffer on an 
AgCl window, the spectra clearly showed that the superimposed OH vibrations sharpened up 
considerably and shifted 150 cm−1 to lower wavenumbers (Figure 7). In addition, the C-N and 
C-O stretch vibrations, which were initially superimposed, resulting in a broad peak at 1059 
cm−1, separated and sharpened up to give two peaks at 1057 and 1038 cm−1, respectively, 
when the water content was decreased (Figure 7). These results suggest the formation of a 
strong, directional hydrogen bond network, extending over the entire surface of the plate, 
below a certain water content. As expected, the largest changes in the spectra were found to 
occur in the last 5 minutes of drying, as the decreasing water content should favor the 
formation of extensive hydrogen bond networks especially just prior to complete dryness. 
 
 
Figure 7: FTIR spectra of a directionally dried drop of TE-buffer on an AgCl window after fixed amount of 
drying time (see text). 
 
The drying experiment was repeated with D2O as the solvent. Although assigning 
peaks in the carbonyl region of the spectrum proved to be difficult because of the multitude of 
peaks, several carbonyl peaks decreased in intensity and shifted to lower wavenumbers by 
circa 5 cm−1, indicating the direct involvement of D2O in the hydrogen bonding.17 A 
comparison of the carbonyl regions in the FTIR spectra of a dried TE-buffer (from water) and 
a mixture of solid Tris-EDTA in the same concentration as the buffer solution, which was 
ground in a mortar, showed that the carbonyl peaks were much sharper in the dried buffer 
(Figure 8). These combined results suggest that layer formation from solution is required to 
produce a well-defined hydrogen bond network, in which H2O is directly involved. 
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Figure 8: FTIR spectra of a directionally dried sample of TE-buffer and a mixture of ground solid Tris-EDTA 
(see text). 
 
Unfortunately, reproducing these results on the polyimide-ITO plates, which were 
used in the original experiments, proved to be difficult because these plates exhibited an IR 
cut-off at circa 2100 cm−1. The OH-vibrations of an isotropically and an anisotropically dried 
sample on a polyimide-ITO plate, however, shifted from 3357 to 3227 cm−1, respectively 
(Figure 9). In addition, both the OH- and NH-vibrations sharpened up considerably upon 
directional drying, suggesting increased ordering on the surface. Furthermore, three additional 
NH- and OH peaks appeared, suggesting that several different types of hydrogen bonds were 
formed upon drying.  
 
 
Figure 9: FTIR spectra of an isotropically and anisotropically dried drop of TE-buffer on polyimide-ITO (see 
text). 
 
These combined FTIR results unambiguously showed that the directional drying of the 
buffer on a polyimide surface indeed increases the surface ordering. Related effects have been 
reported in the literature, in which shear forces in moving solutions were shown to be able to 
induce surface ordering.18 In addition, parallel cells made with a directionally dried urea 
solution at pH 7.6, also showed (limited) liquid crystal alignment capability (Figure 10), 
further suggesting that directional hydrogen bonding may play a role in the formation of the 
anisotropic surface. 
 
 122 
One-Step DNA Deposition as Alignment Layer 
 
Figure 10: Polarizing micrographs of a liquid crystal cell constructed from anisotropically dried urea solutions. 
a) no alignment visible; b) limited alignment visible. Images are 600 x 400 µm, polarizers at 45º. 
  
The TE-covered surfaces retained their aligning capabilities in liquid crystal cells for 
seven days, after which the liquid crystal reverted back to its normal, nematic texture. Two 
explanations may be offered for this behavior. First, the buffer gradually dissolves in 5CB 
over time. Experiments showed that the same amount of buffer present on the surface could 
be dissolved in 1 ml of 5CB by sonicating at room temperature for 30 minutes. Second, the 
surface ordering could be gradually lost by the thermal reshuffling of the hydrogen bonding 
network, also possibly involving interactions with the cyano-groups of the mesogenic 
molecules in the liquid crystal. SEM experiments confirmed that the surface order 
disappeared within seven days, resulting in a featureless surface. In comparison, cells with a 
urea alignment layer lost their aligning capabilities within one day. 
6.3 Buffered DNA Solutions As Alignment Layer 
The method presented above entails the advantage of depositing biomolecules together 
with the alignment layer. The question remained, however, whether liquid crystal cells 
constructed from these surfaces, would be capable of amplifying the presence of the 
biomolecules they contain, e.g. DNA, into the realm of the naked eye. 
When parallel cells, made by directional drying of a TE-buffer containing λ-phage 
DNA, were imaged through the polarizing microscope, a cholesteric “fan-type” liquid 
crystalline phase was found along the path of the drying droplet (Figure 11a), embedded in 
the normal nematic phase expected for 5CB. The twist angle also differed from the expected 
0º for a parallel cell, implying a chiral conformation of the liquid crystal. Furthermore, SEM 
showed the presence of the DNA on the buffer surface. Contrary to expectation, the DNA had 
not stretched along the path of blowing, but had crumpled up into an amorphous blob (Figure 
11b), which was confirmed by fluorescence microscopy. This dewetting-type of behavior may 
be attributed to the hydrophobicity of the polyimide surface.  
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Figure 11: Micrographs of a directionally dried alignment layer of TE and DNA. a) Polarization micrograph, 
image is 1.5 x 1.0 mm, polarizers at 45º; b) SEM micrograph, DNA is visible as white amorphous structures, bar 
is 1 µm. 
Unfortunately, the stability of the DNA in the liquid crystal environment was rather 
limited, as most cells with DNA lost their chiral phase within several days, giving rise to a 
normal, nematic texture. The cells also suffered from thermal degradation: a triple heating-
cooling run between room temperature and 50ºC resulted in a normal nematic liquid crystal 
phase. These drawbacks, however, do not diminish the usefulness of this method in the field 
of biosensors, in which fast and on-site analysis is a great advantage. 
6.4 Liquid Crystal-Based DNA Sensors 
 As mentioned in the previous paragraph, the DNA was not only capable of inducing a 
chiral phase in 5CB, but also capable of changing the expected twist angle of the cell. The 
twist angle should be directly affected by the nature of the dopant DNA on the alignment 
surface. Therefore, we decided to investigate the effect of different types of DNA on the twist 
angle. As test DNA’s, a single stranded fragment from salmon sperm and a double stranded 
fragment from λ-phage were selected. TE-buffered solutions of these DNA’s were dried on a 
conventionally rubbed polyimide plate, in stead of directionally drying them to create an 
alignment layer. The reason for this was that we wished to study the effects of different DNA 
samples on only the twist angle of the liquid crystal cell, which required both strong and 
uniform anchoring. 
 When twisted-nematic liquid crystal cells containing these different DNA samples 
were examined with a polarizing microscope, the twist angle was indeed found to be 
dependent on the type of DNA. The difference could be seen with the naked eye, as the 
transmittance of the two spots was very different at a polarizer angle of 45º (Figure 12). 
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Figure 12: Digital image of a TN-LCD with a rubbed polyimide alignment layer, containing double stranded 
(ds), single stranded (ss) DNA and buffer solution. Cell is 1.5 x 1.0 cm, polarizers at 45º. 
  
The twist angles were measured to be 79º for the double stranded DNA and 56º for the single 
stranded DNA. Although the spots showed some dewetting features (which can also be seen 
in the buffer spot), the texture of 5CB within the spots resembled that of the cholesteric “fan 
type” depicted in Figure 11a. 
6.5 Concluding Remarks 
 The directional drying of a TE-buffer on a polyimide plate was shown to result in the 
formation of an ordered surface. When this surface was used in the construction of a liquid 
crystal cell, the dried buffer was capable of inducing liquid crystal alignment. FTIR clearly 
showed the formation of a hydrogen bond network in time, stretching over several 
millimeters. When DNA was added to the drying buffer, a cholesteric phase was observed in 
the nematic liquid crystal. This observation may be used in the construction of LCD-based 
biosensors, as it has the advantage of eliminating an extra step in their construction, i.e. the 
separate formation of an alignment layer. Biomolecules or biosensors of interest may now be 
deposited together with the alignment layer in a single, non-labor-intensive step. In addition, 
preliminary experiments showed that different species of DNA present on an alignment layer 
are capable of inducing differing twist angles, which could also be observed with the naked 
eye. This opens up a myriad of possibilities for detecting bio reactions on DNA.  
6. 6 Experimental 
6.6.1 General 
ITO plates were cleaned with ozone (100l/h) for 3 hrs, before being spin-coated with 
Polyimide Pyralin PI2555 (HD Microsystems) at 5000 rpm for 20 s and baked at 120ºC for 90 
min. Buffer solutions were at 10 mM, except TE, which consisted of 10 mM Tris-HCl and 1 
mM of EDTA. The solutions were brought to pH 7.6 by the addition of NaOH or HCl. TE-
buffer in D2O was brought to pD 7.6 by the addition of NaOD in D2O. λ-Phage DNA from E. 
Coli (48502 base pairs, 31.5 MDa) and salmon sperm (D7656) were purchased from Sigma. 
All chemicals were used without further purification.  
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6.6.2 Alignment layer manufacture 
Alignment layers were made by blowing a drop of buffer (with DNA) up and down the 
polyimide plate with a nitrogen flow at room temperature. The drop was blown from one end 
of the substrate to the other under an angle of 45º, which has been reported to be the best 
angle for such drying experiments.19 The nitrogen flow was adjusted so that the drop 
traversed the 1.5 cm long plate in about 5 s. After the drop has reached the far side of the 
plate, the plate was turned 180º and the process was repeated until the drop had dried. 
 
6.6.3 FTIR studies 
For FTIR analysis, silver chloride windows were covered with 5 drops of buffer solution and 
directionally dried as described above. At t = 5, 10 and 15 min., the drying was stopped and 
any remaining fluid blown off the window onto a tissue. 
 
6.6.4 Liquid crystal cell manufacture 
Liquid crystal cells were constructed as described in Chapter 2. The LCDs were filled with 
5CB in the isotropic phase at 40ºC (TNI = 35.3ºC), and were submitted to a triple heating-
cooling cycle between 20ºC and 40ºC.  
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Over the past decades, liquid crystal displays (LCDs) have found their way into almost 
every conceivable aspect of everyday life. As such, it is surprising that a vital process in their 
construction, viz. the formation of an alignment layer, still relies on a technique − mechanical 
rubbing with a velvet cloth − which was invented almost 100 years ago. This technique is 
rapidly approaching its limitations due to the demand for ever better and larger displays. 
Moreover, up until a few years ago, the principles of achieving uniform alignment of liquid 
crystalline molecules by mechanical rubbing was not well understood at the molecular level. 
A historical overview and an account of the recent progress in this field are described in 
Chapter 1. The research presented in this thesis was carried out as a part of a larger STW 
project, the goal of which was to investigate and possibly understand the fundamental aspects 
of liquid crystal alignment. Whilst researchers in the department of Experimental Solid State 
Physics have concentrated on the physical aspects of liquid crystal alignment in displays, the 
aim of this part of the project was the construction of alignment surfaces utilizing 
supramolecular chemistry. In addition, it was attempted to obtain more insight, on a molecular 
level, into the interactions that occur between liquid crystalline molecules and an alignment 
layer. 
 Serendipitously, a non-contact method for the construction of alignment surfaces for 
liquid crystal molecules, based on self-assembly, was discovered. These results are described 
in Chapter 2. Based on the notion that the interaction between an alignment layer and liquid 
crystal molecules is largely governed by the aromatic surface of the constituent molecules of 
the layer, it was reasoned that a larger π-surface would entail a stronger interaction. In order 
to test this hypothesis, two siloxane derivatives, containing a phenyl and a naphthalene 
moiety, were designed and synthesized. When the phenyl siloxane compound was used in the 
construction of a photo-sensitive alignment monolayer, it appeared that the surface ordering, 
and hence the alignment direction of the liquid crystals, could be induced and rewritten by 
irradiation with light. When the experiments were performed with an alignment layer which 
was constructed from the naphthalene derivative, however, it was found that surface ordering 
was already achieved without the use of external stimuli, i.e. light. It was demonstrated that 
this ordering effect can be attributed to two competing processes, which occur 
simultaneously. The first process is related to the large π-surface of the naphthalene 
functionalized siloxane monomers. As a result of this large π-surface, these monomers 
oligomerize in solution, forming rigid and insoluble oligomers. The second process involves 
the covalent grafting of the oligomers onto the surface. By carefully tuning the rates of both 
processes, i.e. by ensuring that the proper oligomer precipitates and grafts at the proper time, a 
highly ordered surface could be constructed. Surprisingly, the overall direction of the liquid 
crystal alignment was determined by the substrate, which appeared to contain groove-like 
structures of nano-size dimensions. During the process, the size and ordering imposed by 
these nano-grooves was amplified over a thousand–fold. The whole LCD construction process 
could be performed under laboratory conditions, eliminating the need for clean rooms. 
In Chapter 3, it is demonstrated that the generic LCD construction process described 
in Chapter 2 is also applicable to other siloxane derivatives. By using a mixture of a pyridine-
functionalized siloxane and a non-reactive siloxane, an alignment surface that contains metal 
binding sites was constructed. In a subsequent step, this alignment surface was used to 
template the epitaxial growth of columnar zinc-phthalocyanine aggregates from solution. The 
size of these aggregates could be controlled by varying the time of immersion of the surface 
into a phthalocyanine solution. When these phthalocyanine-modified surfaces were used as 
alignment layers in the construction of LCDs, an alignment capability superior to that of the 
pyridine-functionalized surfaces was obtained. Moreover, the possibility to control  the 
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aggregate size opened the possibility to directly influence the LCD properties. It was shown 
that the direction of the alkyl tails of the phthalocyanine aggregates on the surface, and 
consequently the alignment direction of the liquid crystals on these surfaces, can be tuned by 
applying a shear force. The alignment properties of the phthalocyanine layers could be further 
influenced after LCD construction by the addition of molecules that are capable of destroying 
the phthalocyanine aggregates (e.g. amines), opening the way to the future construction of 
sensor devices for the detection of e.g. peptides and proteins. 
The siloxane surfaces described in Chapters 2 and 3 were not suitable for investigation 
at the molecular level with Scanning Tunneling Microscopy (STM), since they were not 
conductive and displayed relatively large height differences. The STM technique would have 
been very useful to obtain images with molecular resolution of the alignment surface and 
possibly also the first liquid crystal layer. These data, in turn, would be invaluable for the 
development of theoretical models on the detailed molecular interactions between the 
alignment layer and the first layer(s) of liquid crystalline molecules. To overcome this 
problem, thiol analogues of the siloxanes were considered as possible components of the 
alignment layer. Thiols are known to readily adsorb onto a gold surface and are suitable for 
investigation with STM. Chapter 4 describes the efforts to synthesize thiol analogues of the 
siloxanes described in Chapter 2. Although the synthesis of the target molecules was expected 
to be very straightforward, the incorporation of a vinyl-amide group and a thiol group into one 
molecule proved to be exceedingly difficult. In most cases, the desired products were formed 
but gave immediate Michael-addition of the thiol group to the double bond, indicating the 
incompatibility of these two groups. Although several stable thiolether-derivatives, as well as 
a stable thiol-endcapped ester were synthesized, none of these molecules was capable of 
forming a well-defined monolayer suitable for STM purposes. 
In the two final Chapters, an exploratory excursion into the field of biosensors is 
described. Recent reports in the literature indicated that liquid crystal displays can be used as 
molecular magnifying glasses, amplifying any change in ordering within an alignment layer − 
e.g. the binding of an antigen to an antibody − into the realm of the naked eye. This promise 
of the detection of nanosized events without the use of elaborate detection techniques has 
inspired us to investigate the feasibility of combining liquid crystals and bio-events. Chapter 5 
describes three methods for the construction of a device which is capable of detecting the 
presence of an enzyme in an alignment layer or in a liquid crystalline matrix. One of these 
methods − the hydrolysis of molecules in the alignment layer prior to the construction of the 
LCD − was shown to be capable of amplifying the enzymatic reaction to a macroscopic scale. 
The other two methods, involving the hydrolysis of molecules in the alignment layer after 
construction of the LCD and the hydrolysis of the liquid crystalline matrix itself, suffered 
from several drawbacks, which led to the discontinuation of this line of research. A paragraph 
describing the challenges of converting these academic exercises into real-world devices 
concludes this Chapter.  
Most LCD-based biosensors reported in the literature require the synthesis of 
functionalized biomolecules, which are subsequently used to construct the alignment layer. 
Chapter 6 describes a method for depositing an alignment layer for an LCD-biosensor, 
together with the molecule of interest, in one single step. This alignment layer was 
constructed by anisotropically drying a drop of a Tris-EDTA buffer solution on a 
conventional polyimide-covered plate. By blowing a drop of this buffer solution up and down 
the hydrophobic polyimide surface, a hydrogen bonding network was formed, extending over 
the entire path of the drying drop. After fully drying, this network provided sufficient surface 
ordering to generate stable liquid crystal alignment for a period of several days. The 
procedure eliminates the need for elaborate synthetic procedures in the construction of 
alignment layers for LCD-based biosensors. 
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 In de laatste decennia hebben vloeibaar kristal displays (LCDs) zich een plaats ver-
worven in ieder denkbaar aspect van het dagelijks leven. Het is daarom zeer verbazingwek-
kend dat een essentieel onderdeel in de productie van deze displays berust op een proces dat 
bijna 100 jaar geleden ontdekt is en dat snel zijn technische grenzen nadert door de steeds toe-
nemende vraag naar grotere en betere LCD-schermen. Het is bovendien opmerkelijk dat het 
betreffende proces, welke inhoudt het maken van uitgelijnde oppervlakken van vloeibaar kris-
tallijne moleculen door het wrijven van dunne polymeerlagen met een fluwelen doek, tot een 
paar jaar geleden nog niet goed begrepen werd op moleculair niveau. Een overzicht en de 
meest recente vooruitgangen op het gebied van het uitlijnen van vloeibaar-kristallijne verbin-
dingen worden beschreven in Hoofdstuk 1. 
Het onderzoek dat in dit proefschrift wordt beschreven, werd uitgevoerd als onderdeel 
van een groter STW project dat tot doel had de fundamentele aspecten van de uitlijning van 
vloeibaar-kristallijne verbindingen op oppervlakken te onderzoeken, teneinde bovenstaande 
vragen te beantwoorden. Terwijl onderzoekers van de afdeling Experimentele Vaste Stof Fy-
sica zich richtten op de fundamenteel-natuurkundige fundamentele aspecten van LCDs, was 
het in dit proefschrift beschreven onderdeel van het project gericht op het maken van opper-
vlakken die vloeibare kristallen kunnen uitlijnen m.b.v. supramoleculaire chemie, met als doel 
het verkrijgen van meer inzicht op moleculair niveau in de interacties die optreden tussen de 
vloeibaar kristallijne moleculen en het oppervlak. 
 In Hoofdstuk 2 wordt een bij toeval ontdekte methode beschreven om een oppervlak te 
maken dat vloeibaar kristallijne moleculen kan uitlijnen, waarbij geen fysiek contact met het 
oppervlak gemaakt behoeft te worden. Uitgaande van het idee dat de sterkte van de interactie 
tussen een uitlijnend oppervlak en de hierop gelegen vloeibaar kristallijne moleculen bepaald 
wordt door het aromatisch karakter van de in wisselwerking tredende moleculen, zou een gro-
ter aromatisch oppervlak van de betreffende moleculen een verbetering van de uitlijnprocedu-
re kunnen betekenen. Om deze hypothese te testen, werden twee siloxaanderivaten, die een 
benzeen- of naftaleengroep bevatten, ontworpen en gesynthetiseerd. Het benzeen-
siloxaanderivaat werd gebruikt om een lichtgevoelig monolaag te maken, die dienst moest 
doen als uitlijnoppervlak. Er kon worden aangetoond dat de structuur van het uitlijnoppervlak 
en ook de richting van de vloeibare kristallijne moleculen op dit oppervlak, gecontroleerd en 
herschreven kunnen worden door het oppervlak met licht te bestralen. Toen dezelfde experi-
menten werden  uitgevoerd met het naftaleen-siloxaanderivaat, bleek zeer verrassend dat een 
hoge orde op het oppervlak ook verkregen kon worden zonder gebruik te maken van licht. 
Verder onderzoek toonde aan dat dit effect toegeschreven moest worden aan twee gelijktijdig 
optredende processen. Vanwege het grotere aromatische oppervlak van het naftaleenderivaat, 
vertoonde deze verbinding een ander chemisch gedrag dan het benzeenderivaat en vormde in 
oplossing onoplosbare oligomeren, die zich covalent aan het oppervlak bleken te hechten. 
Door de snelheid van deze twee processen − oligomerisatie en hechting − nauwkeurig op el-
kaar af te stemmen, dat wil zeggen door ervoor te zorgen dat oligomeren van de juiste lengte 
zich op het juiste tijdstip aan het oppervlak hechtten, kon een zeer geordend uitlijnoppervlak 
worden verkregen. Verassenderwijs bleek de richting waarin de vloeibaar kristallijne molecu-
len zich ordenen, bepaald te worden door kleine oneffenheden in het oppervlak (Indium-Tin-
Oxide, ITO) waarop de laag geformeerd werd. Dit ITO oppervlak bevatte uiterst kleine groef-
achtige structuren, waarvan zowel de grootte als de richting meer dan duizendvoudig vergroot 
werden. Het hele uitlijnproces kan onder laboratoriumcondities worden uitgevoerd, waardoor 
de noodzaak om LCDs in zogenaamde “clean rooms” te produceren, weggenomen wordt. 
 In Hoofdstuk 3 wordt aangetoond dat het uitlijnproces zoals beschreven in Hoofdstuk 
2, ook uitgevoerd kan worden met andere siloxaanderivaten. Door een mengsel te gebruiken 
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van een pyridine-bevattend siloxaan en een niet-reactief fenyl-siloxaan, kon op ITO een uit-
lijnoppervlak gemaakt worden dat aanhechtingsplaatsen bevatte voor metaalcentra. In een 
volgende stap werden aan deze plaatsen zink-ftalocyanine moleculen gebonden en vervolgens 
kolomvormige aggregaten gegroeid vanaf het oppervlak. De grootte van deze aggregaten kon 
worden gecontroleerd door de tijd waarin de ITO-substraten in contact met de ftalocyanine-
oplossing werden gebracht, te variëren. Deze met ftalocyanine-stapelingen gemodificeerde 
oppervlakken vertoonden een beter vermogen om vloeibaar-kristallijne moleculen uit te lij-
nen, dan de oppervlakken met alleen de pyridine-bevattende uitlijnlaag. Bovendien kon door 
de grootte van de aggregaten te regelen een directe controle over de eigenschappen van de 
LCD worden verkregen, nog vóórdat deze LCD gemaakt werd. Verder kon de uitlijning van 
de vloeibaar kristallijne moleculen op het oppervlak nog verder verbeterd worden door het 
oppervlak in één richting met een oplosmiddel (chloroform) te wassen. Tenslotte konden de 
eigenschappen van de LCD ook nog na de productie ervan zeer sterk beïnvloed worden door 
verbindingen (b.v. aminen) toe te voegen die coördineerden aan de zink-atomen van de ftalo-
cyaninemoleculen. Als gevolg van deze coördinatie bleken de stapelingen van ftalocyanines 
verbroken te worden, waarmee hun effect op de uitlijnlaag teniet werd gedaan. Dit laatste 
biedt mogelijkheden om sensoren te ontwikkelen die gevoelig zijn voor aminen en andere 
amine-bevattende verbindingen, zoals peptiden en wellicht eiwitten. 
 Vanwege de slechte geleidbaarheid van de hierboven beschreven siloxaan-
oppervlakken en het feit dat ze grote hoogteverschillen vertoonden, waren ze niet geschikt om 
op moleculair niveau bestudeerd te worden met behulp van Scanning Tunneling Microscopy 
(STM). Het idee was om met behulp van deze techniek een afbeelding met moleculaire reso-
lutie van het oppervlak te verkrijgen en mogelijk zelfs van de eerste laag van vloeibaar-
kristallijne moleculen. Deze informatie zou van onschatbare waarde zijn voor de ontwikkeling 
van theoretische modellen voor de interactie tussen het oppervlak en de eerste laag van vloei-
baar-kristallijne moleculen. Thiolen zijn een klasse van verbindingen waarvan het bekend is 
dat ze aan goud adsorberen en bovendien geschikt zijn voor bestudering met STM. Hoofdstuk 
4 gaat over de pogingen om thiol-analoga van de in Hoofdstuk 2 beschreven siloxanen, te be-
reiden. Hoewel de synthese van deze doelmoleculen er op het eerste gezicht simpel uitzag, 
bleek het invoeren van een vinyl-amide groep én een thiolgroep in hetzelfde molecuul uitzon-
derlijk moeilijk te zijn. In de meeste gevallen werden de gewenste producten wel gevormd, 
maar reageerden deze onmiddellijk verder via een Michael-additie van het vrije thiol aan de 
dubbele binding van het molecuul, hetgeen aangeeft dat deze twee groepen niet compatibel 
zijn. Desondanks zijn enkele stabiele thiolether derivaten gesynthetiseerd, alsmede een thiol-
ester verbinding. Geen van deze verbindingen was echter in staat een stabiele monolaag te 
vormen op goud, die met STM bestudeerd kon worden. 
 De twee laatste Hoofdstukken van dit proefschrift omvatten een initiële studie naar de 
ontwikkeling van biosensoren op basis van vloeibaar-kristallijne materialen. In recente artike-
len is aangetoond dat LCDs gebruikt kunnen worden als “moleculaire vergrootglazen”, die 
een kleine verandering in de ordening van een oppervlak, veroorzaakt door bijvoorbeeld de 
binding van een antigen aan een antilichaam, vergroten tot dimensies die waargenomen kun-
nen worden met het menselijke oog. Dit biedt mogelijkheden om zonder arbeidsintensieve 
methoden biomoleculaire reacties te volgen en te detecteren met behulp van LCDs. Hoofdstuk 
5 beschrijft drie methodieken om de aanwezigheid van een enzym aan te tonen met behulp 
van vloeibaar-kristallijne verbindingen. Één van de methodes, te weten de hydrolyse van sub-
straatmoleculen door het enzym in het uitlijnoppervlak van de cel vóór de constructie van de 
LCD, bleek geschikt te zijn de moleculaire gevolgen van de enzymatische reactie te vergroten 
tot deze waarneembaar waren met het blote oog. De twee andere methodes, namelijk de hy-
drolyse van moleculen in het uitlijnoppervlak na constructie van de LCD en de ontleding van 
de vloeibaar kristallijne matrix zelf, gaven aanleiding tot verschillende problemen, hetgeen 
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ertoe leidde dat deze lijnen van onderzoek niet werden voortgezet. Hoofdstuk 5 wordt afge-
sloten met een paragraaf die aangeeft hoe deze academische exercities aangewend kunnen 
worden om een werkend sensorapparaat te ontwikkelen. 
 De meeste op LCD gebaseerde biosensoren die in de literatuur worden beschreven, 
vereisen de synthese van gefunctionaliseerde biomoleculen die gebruikt worden bij de con-
structie van het uitlijnoppervlak voor de vloeibaar-kristallijne materialen. Hoofdstuk 6 be-
schrijft een methode om de uitlijnlaag tezamen met het beoogde biomolecuul, in één stap te 
produceren. Deze uitlijnlaag kon worden gemaakt door een druppel van een Tris-EDTA buf-
feroplossing anisotroop op een hydrofoob oppervlak te laten drogen. Hiertoe werd de druppel 
van de bufferoplossing op en neer geblazen over het oppervlak, waardoor tijdens het droog-
proces een netwerk van waterstofbruggen ontstond dat zich uitstrekte over het gehele opper-
vlak van de cel. Dit netwerk verschafte voldoende ordening om gedurende enkele dagen de 
stabiele uitlijning van vloeibaar-kristallijne moleculen te induceren. Met deze methode is het 
wellicht niet langer nodig om biomoleculen voor gebruik in LCD-biosensoren chemisch te 
modificeren. 
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Eindelijk! De laatste woorden van mijn proefschrift kunnen geschreven worden. On-
geacht welk proefschrift gelezen wordt, het dankwoord is waarschijnlijk het onderdeel waar 
de meeste reflectie aan besteed wordt. Ik zou niet, zoals normaal gesproken, overdrijven als ik 
zeg dat de afgelopen vier maanden nogal hectisch voor mij waren. Om in aanmerking te 
komen voor een post-doctorale beurs van NWO moet namelijk de aanvrager gepromoveerd 
zijn op het moment van vertrek naar de postdocpositie. Dit betekende een zeer intensieve 
schrijfperiode van zes weken, waarin de manuscriptcommissie-versie van het proefschrift 
geschreven werd. Uiteindelijk is alles goed gekomen: boekje klaar voor de drukker, beurs van 
NWO binnen, als postdoc aangenomen op MIT…. alleen nog een visum. Pas in zulke drukke 
periodes merk je echt goed welk een machinerie er achter een promovendus moet staan om 
het hele zaakje klaar te stomen voor een Hora Est. In de eerste plaats wil ik daarom Prof. 
Roeland Nolte en Prof. Theo Rasing, mijn promotores, zéér hartelijk bedanken. De “open-
door-policy” in combinatie met een zeer ongedwongen manier van leiding geven aan 
creatieve onderzoeksgroepen, waarin jonge onderzoekers alle vrijheid krijgen om wilde 
ideeën te proberen, heeft zeker bijgedragen aan de stroom van publicaties in topbladen die de 
laatste vijf jaar uit beide vakgroepen is voortgekomen. De overeenkomsten in beleid hebben 
er vooral voor gezorgd dat ik, als niet-natuurkundige, me toch ook altijd thuis heb gevoeld op 
de vierde verdieping, waar de afdeling EVSFII haar thuis heeft. Ook het bij de pedel regelen 
van een promotiedatum door Prof. Theo Rasing, voordat toestemming van de 
manuscriptcommissie was verkregen, kan welhaast alleen worden vergeleken met goddelijke 
interventie. Tot slot ben ik mijn promotores zeer dankbaar voor het uitzonderlijk snel 
corrigeren van het manuscript. Een speciaal woord van dank wil ik richten aan Helma Nolte. 
Hoewel we U steeds minder op het lab mochten begroeten, heeft U toch een onuitwisbare 
indruk op mij gemaakt met het betrokken optreden bij onze spaarzame ontmoetingen.  
 
Mijn copromotor, Dr. Alan Rowan, ben ik zeer erkentelijk voor het op zich nemen van 
de min of meer dagelijkse begeleiding. Achteraf bezien, blijkt toch dat jouw invloed op de 
richting van het onderzoek meer doorklinkt in de rode draad van mijn proefschrift dan ik op 
het moment van uitvoeren van de experimenten besefte. Ik hoop dat het professorschap wat 
meer rust zal brengen in de quantumrowandynamica: welke promovendus zal zich niet de 
legendarische woorden herinneren: In tweej mienoeten komh ik naahr jauw, tweej 
mienoeten”? 
 
De leden van mijn manuscriptcommissie, Dr. René van Nostrum, Prof. Stephen 
Picken en Dr. Menno Prins, ben ik zeer erkentelijk voor het (in de vakantietijd!) nakijken van 
mijn manuscript. Een speciaal woord van dank gaat hierbij uit naar Menno Prins, die de tijd 
nam om mij een industriële spiegel voor te houden met betrekking tot hetgeen ik als 
OIO/Junior Onderzoeker had gepresteerd. De gebruikerscommissie van het STW-project ben 
ik dank verschuldigd voor het eens in de zes maanden in perspectief plaatsen van mijn 
onderzoek. Deze bijeenkomsten leerden mij eens in de zoveel tijd zelf het gedane onderzoek 
kritisch te evalueren, een eigenschap die me zeker van pas is gekomen bij het afronden van 
het promotietraject. Ook de program officer van STW, Frank van den Berg, wie altijd bereid 
was lastige vragen te beantwoorden en voornoemde vergaderingen in goed banen te leiden, 
mag hierbij zeker niet ontbreken. 
 
Tijdens mijn AIOschap heb ik de gelegenheid gehad om met veel mensen van diverse 
pluimage te mogen samenwerken. Allereerst op de afdeling EVSFII, grondlegger van het hele 
project. I would like to Dr. thank Abbas Rastegar for introducing me to the world of liquid 
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crystals and displays. Dr. Mohammad Behdani is very gratefully acknowledged for carrying 
out physical measurements and thinking with me on those “strange chemical systems” that I 
used to bring by. It is very gratifying to see that our paper was accepted by one of the leading 
chemistry journals! Hierbij mogen ook de inspanningen van Dr. Marijn Devillers op het 
ellipsometrievlak niet onvermeld blijven. Sergey (“don’t call me Russian”) Lazarenko has 
done a more than adequate job of succeeding Mohammad as liaison between our two 
departments. Let’s hope Sjakhtar make it into the Champions League final. Markus Travaille 
was ook altijd beschikbaar om mij als niet-fysicus in te wijden in de geheimen van reciproke 
ruimtes en Kitano-oplossingen. Ik weet zeker dat je je talenten goed kwijt kunt in je baan bij 
Océ. Verder heeft de hulp van Dr. René de Gelder en Jan Smits van de afdeling Anorganische 
Chemie niet alleen geresulteerd in de bepaling van twee kristalstructuren tijdens mijn 
promotie, maar ook in een esthetisch verantwoorde representatie daarvan in dit proefschrift. 
 
Gedurende mijn promotietijd had slechts één student het lef om bij mij stage te komen 
lopen. “Mijn” Mehmet, ik hoop dat je vooral veel geleerd hebt tijdens je verblijf op onze 
afdeling. Hoewel je onderzoek niet opgenomen is in dit proefschrift, heb je toch substantieel 
bijgedragen aan de verworven inzichten in Hoofdstuk 4.  
 
Begin 2003 had ik het genoegen enkele maanden te mogen samenwerken met Dr. 
Paula Maria Leandro (“What ies thies sjiet?!”) Garcia. Omdat je inmiddels Nederlands aan 
het leren bent, zou je dit moeten kunnen lezen. Hoewel het project waar wij samen aan 
werkten eerst als een curieus probeerseltje werd gezien, gaf het toch de aanzet tot de 
resultaten die beschreven staan in Hoofdstuk 3 en leiden (hopelijk) tot een publicatie in een 
toptijdschrift! Hoedanook, ik denk dat je in je huidige baan bij Organon prima je ei kwijt zult 
kunnen. 
 
Omdat het allemaal op het lab moet gebeuren, is er om vier jaar lang met elkaar door 
één deur te kunnen een goede werksfeer nodig. Die ontstaat niet vanzelf, maar wordt 
gecreëerd door een groep mensen die zowel op professioneel als persoonlijk vlak met elkaar 
kunnen opschieten.Voor mij was de sfeer op het grote Noltelab dan ook uitstekend. Ik ben me 
er terdege van bewust dat sommige mensen alle onzin die we hebben uitgehaald en hebben 
uitgekraamd over de afgelopen vijf jaar als verloren tijd beschouwen. Als de chemie echter 
niet helemaal wil lukken (vooral als na het gebruiken van twintig meter kolom het ding nog 
niet zuiver is!), zal de creativiteit er toch uit moeten. Juist bijvoorbeeld door het onderhouden 
van een foute mannen website, het tot in het oneindige fotoshoppen, het maken van een 
Schwulerliste, het opzetten van een eigen journal, Quickie Letters, het houden van Vette Hap 
Borrels, het buizen van mensen, de uitsprakenlijst, Nijmegen-Eindhoven derby’s en menig 
ander gedrag wat door buitenstaanders wellicht alleen geclassificeerd kan worden als 
compleet idioot, werd een ongedwongen sfeer in stand gehouden waarin studenten, AIO’s, 
postdocs en zelfs U(H)D’s op gelijk niveau met elkaar konden bomen over wetenschap en tot 
verrassende resultaten konden komen. Ik ben er stellig van overtuigd dat zonder al deze poeha 
de productiviteit een stuk lager had gelegen. 
 
Er is ooit wel eens gezegd dat onze afdeling autoselectief is met betrekking tot de 
personen die er stage komen lopen of promoveren. Ik kan dat na vijf jaar Noltegroep alleen 
maar beamen: sommigen waren al luidruchtig creatief van zichzelf, anderen ontpopten zich 
van stille muisjes tot audiovisuele chemiewonders. Derhalve een zeer gemeend dankjewel aan 
de bewoners van het “groothe Noltelab op de begane grond”. Allereerst Dr. Hans Elemans, de 
Ueberbuber die de meeste dagelijkse (en verdere) begeleiding van de auteur op zich heeft 
genomen. Hoewel hij zich sinds kort “VENI Assistant Professor” mag noemen, nog steeds te 
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vinden in de loopgroeven van het dagelijks chemisch werk: de cubicle (of is het suubiekle?). 
Ook de dagelijkse sociale interacties met Rudi Gerardus Elisabeth Coumans zijn het 
vermelden meer dan waard. Vanaf het moment dat je mijn mentorzoon werd in de introductie 
van 1996, tot het heden, als je naast me staat als paranimf, zijn onze persoonlijkheden meer 
dan op elkaar afgestemd. Ik zal echter nooit wennen aan het snelle overschakelen tussen talen 
en het Limburgs, geparafraseerd in het volgende gesprek: “I think that the lack of higher 
forms of aggregates, like molecular necklaces − krijgt telefoon − Joa, over un oooaaaarrrr bin 
ik doar!.... can be attributed to the high dilution conditions”. Ook de andere bewoners van de 
AIO-kamer, in wisselende samenstelling, mag ik danken voor de prettige samenwerking. 
Dennis (Manolo) Vriezema, vanaf de tijd dat we voor Meester Dr. Kros werkten tot het 
heden, nu we allebei onze academische opleiding aan het afronden zijn, konden we goed met 
elkaar opschieten. Je zachtaardige persoonlijkheid en fysieke aanwezigheid hebben menige 
woede-uitbarsting van mij kunnen beteugelen. Men moet je alleen niet snijden op de 
snelweg…. Over zachtaardige persoonlijkheden gesproken, Dr. Ed (eeuuuuuuuuuuuuhhhhh, 
nee) Bijsterveld ben ik dankbaar voor het mij bijbrengen van de deugd der (opgelegde) stilte. 
Een groter contrast dan met Vera (Luidruchtige fruitella) Sprakel kan ik mij welhaast ook niet 
voorstellen! De “Fryske Konnektsje” van Gerald (Snitsewitse) Metselaar en Femke (kleine 
meisjes zijn niet lief) de Loos droeg ook bij aan de verscheidenheid van culturen die ons lab 
rijk was. Marga (“heeft U ook Esso?”) Lensen was nimmer te beroerd om te fungeren als 
bebuisbaar slachtoffer. Matthijs (Mwahahaha!) Otten, nóg een mentorkind dat zijn weg naar 
de Noltegroep had gevonden, viel vooral op door zijn gedreven en betrokken manier van doen 
en laten. Verder werd het dagelijkse leven ook nog opgefleurd door een blik studenten dat 
over de jaren rond heeft gelopen. Vooral Johan (“V”) Visser als huisgenoot en langdurig 
student, Onno (dreads) van den Boomen, Dennis (Pallofiel) Lensen, Erik (stiekem toch een 
Tukker) Schwartz en Nico (één brok vleesch) Veling als toekomstige wetenschappers mogen 
hier niet ontbreken.  
 
Ook de andere leden van de Noltegroep kunnen hun plaats innemen in het lange lijstje 
van mensen die welwillend tegenover het onderzoek stonden. In (semi-)alfabetische volgorde: 
Aurélie (oohlala!) Autin, Joost (enniesee en DNA-goeroe) Clerx, Marta (“What are you 
doing?!”) Comellas Aragonès, Mark (lopende ‘tussen kunst en kitsch’) Damen, Alexander 
(pretoogjes) Deutman, Ton (hmzo!) Dirks, Paul (el mojón) van Gerven, Richard (RIES!) van 
Hameren, Pili (Party!) Hidalgo Ramos, Irene (hihihi) Reynhout, Friso 
(FRRRRRRRRISOOOOW!) Sikkema, Paul (“nee, kutcomputer, dat wil ik niet”) Thomassen, 
Pieter (grachtengordelminnende viltfetisjist) de Witte, Dr. Jurry (PovRay) Hannink, Dr. Mark 
(adamsappel) Boerakker, Dr. Jack (130 dB) Donners, Matthijn (inwerpen vanuit de 
maagstreek) Vos, Dr. Jeroen (Dintherse PSV-fan) Cornelissen, Hans (OEGM HEDLER) 
Adams, Dr. Pall (signifant energypenality) Thordarson, Dr. Kelly (enzyme partner) Velonia, 
Dr. Joe (let’s put another shrimp on the barbie, mate!) Sly, Dr. Nikos (BBQmaster) Hatzakis, 
Dr. Hans (eierdopje) Engelkamp en Dr. Martin (“Vaak worden tegelijkertijd geprotoneerde 
oligomeren van het matrixmateriaal gedesorbeerd”) Feiters. 
 
Geen enkel onderzoek kan uitgevoerd worden zonder een logistieke of analytische 
buffer. Derhalve ben ik Peter, Wim, Chris, Peter, Helene, Ad en Paul S zeer erkentelijk. 
Bovendien gaat mijn eeuwige dank uit aan Desiree van der Wey en Marilou van Breemen, die 
als allesregelaars altijd klaar stonden om onmogelijke taken uit te voeren of om me met een 
geplaatste volzin weer met beide benen op de grond te krijgen. 
 
Ook buiten het lab werden voldoende activiteiten ontplooid. In dit lijstje kan de foute 
film ploeg niet ontbreken. Hans Elemans, Ruud Coumans, Ed Bijsterveld, Mark Damen, 
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Johan V, Gerald Metselaar en soms Dennis Vriezema. Maar omnipresent tijdens deze 
gelegenheden waren twee van de ‘founding fathers’: Bas (Adriaan Peppi) Kokke en Guido 
(Sintunnis!) Kappé. Ik hoop dat hun gevoel voor smaak en gratie enigszins op mij is 
afgewreven. Gezien de bezoekjes aan evenementen als Freestyle Championship Wrestling’s 
Monthly Mayhem en een concert der Klostertaler, denk ik dat dat wel snor zit. Verdere 
evenementen die wij als lab of als groep bezocht hebben of uitgehaald hebben, zal ik hier 
verder niet behandelen, die zijn voor de memoires. 
 
Ook mijn huisgenoten, tevens in wisselende samenstelling, hebben ertoe bijgedragen 
dat de chemie ook na laburen voortgezet werd. Jaap (variabele constante) Ruscher, Koen (“Ik 
sla d’r wel een spijker in”) Hekking, Ruud (istieweer) Coumans, Pamela (Eucalyptaahhh!) 
Doms, Dennis (wederom) Vriezema, Johan “V”, Dennis (pas op: varkensfokkerij) 
Hetterscheid, Dennis (…) Lensen en Sjef (6 pinpassen, 2 mobiele telefoons, 1 set sleutels, 1 
paspoort, een verdwaald bed en het is pas september!) Cremers hebben zich daartoe 
ingespannen. Allen veel succes in het afstuderen, promoveren danwel baan zoeken. Één 
kortstondige spookhuisgenote, Nicolle (Wijf) Moonen, mag ook zeker niet ontbreken. Hoewel 
ik vrees dat je voorgoed verloren bent voor de Nederlandsche natie, zul je je talenten 
(waaronder vloeiend Duitsch) in menig ander land kunnen utiliseren. Bij dit rijtje hoort ook 
mijn andere paranimf: Bart (Telefoon) Salden. In mei 2002 nog in Londen in een bar zitten 
om het vrijgezellenbestaan te vieren, en een jaar later getrouwd zijn en een kind hebben. Hoe 
snel kan het gaan. Gelukkig kunnen we nog af en toe vluchten in de wondere wereld van het 
OOOH YEAH! Verder een welgemeend excuus aan degenen voor wie ik tijdens mijn 
promotie een zeker vermelding in deze sectie had toegedicht (door doen of laten), die echter 
wegens vergeetachtigheid mijnerzijds niet hierin zijn opgenomen. 
 
Tot slot een woord aan mijn familie. Vooral mijn ouders moet ik eeuwig dankbaar zijn 
voor het ieder weekend aanhoren van mijn betogen over hoe-het-zou-moeten-werken-maar-
het-toch-niet-lukte waar ze compleet niets van snapten. Jullie beseffen echter waarschijnlijk 
niet hoe machteloos je je als wetenschapper voelt als louter glazige blikken je ten deel vallen 
zodra je het woord ‘molecuul’ of iets dergelijks in een zin laat vallen. Omgekeerd moet ik 
eerlijk bekennen dat het andersom ook wel eens gebeurde: voor het begrijpen van de 
complexe familierelaties (de neef van de broer van de achterneef van mijn schoonmoeder, je 
weet wel, Gerry) die jullie mij ten gehore brachten, was minstens een doctoraal genealogie 
vereist.  
 
 
Groeten, Hoogboom 
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De auteur van dit proefschrift werd onder gezag van de dienstdoende arts, volgens 
besluit van zijn ouders, geboren op 19 juni 1976 om 9:00 precies in het Canisius Wilhelmina 
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scheikunde in juni 2000. Van augustus 2000 tot en met juli 2004 was de auteur werkzaam als 
achtereenvolgend Onderzoeker in Opleiding en Junior Onderzoeker op de afdelingen 
Organische chemie en Experimentele Vaste Stof Fysica II, op het project, nummer NNS 4857, 
getiteld “Alignment of liquid crystal molecules for flat panel displays”, van de 
Technologiestichting STW. De resultaten van het onderzoek uitgevoerd in dit STW-project 
staan beschreven in dit proefschrift. Het onderzoek werd uitgevoerd onder de bezielende 
leiding van Prof. Roeland Nolte, Prof. Theo Rasing en Dr. Alan Rowan. Van augustus 2004 
tot en met december 2004 was de auteur als postdoctoraal onderzoeker verbonden aan de 
afdeling Experimentele Vaste Stof Fysica II. Vanaf januari 2005 zal de hij gedurende een jaar 
werkzaam zijn als postdoctoraal onderzoeker op het Massachusetts Institute of Technology te 
Cambridge, waar hij onder leiding van Prof. Timothy Swager zal werken aan een project 
getiteld “Low threshold lasing from cholesteric liquid crystals doped with a supramolecular 
triptycene dye”, waarvoor aan de auteur een TALENT-beurs van NWO is toegekend. 
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